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ABSTRACT 
In this  research, comparative studies  of planktonic and biofilm  modes of growth  in 
Salmonella  enterica  serovar  Typhimurium  were  undertaken.    Chemical  disinfectant 
studies  were performed for both planktonic  and biofilm  Salmonella  and biofilms  at 
different  ages.    A  gas  chromatography  coupled  to  mass  spectrometry  (GC-MS) 
metabolite  profiling  approach  was  used  to  evaluate  metabolic  variations  between 
planktonic and biofilm Salmonella and biofilms at different ages.   
 
Biofilm growth curves were generated to assess their ability to grow as a biofilm in the 
minimum biofilm eradication concentration (MBEC) assay system, and to achieve the 
most  stable  biofilm  to  carry  out  disinfectant  susceptibility  testing.    Growth  curves 
demonstrated that biofilms grown in nutrient poor conditions produced a stable biofilm 
over  a  seven-day  growth  period  and  as  such,  were  used  for  susceptibility  testing.  
Results showed that Salmonella biofilms were more resistant to disinfectants compared 
to planktonic Salmonella, but increasing the age of a biofilm did not increase resistance 
to disinfectants.  
 
By  using  a  GC-MS  metabolomics  approach,  growth  media  were  compared  with 
supernatants  from  planktonic  and  biofilm  cultures  (extracellular  metabolites);  and 
biofilm  cell  extracts  were  compared  with  those  from  planktonic  cells  (intracellular 
metabolites).  Principal component analysis (PCA) and spectral comparisons revealed 
differences  between  the  overall  metabolic  profiles  of  planktonic  and  biofilm  S. 
Typhimurium.  The metabolic profiles of biofilms at different ages were subsequently 
obtained  and  evaluated.    PCA  and  spectral  comparisons  revealed  no  significant  
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differences in intracellular metabolite profiles between biofilms of different ages.  On 
the  other  hand,  PCA  analysis  showed  that  the  extracellular  metabolite  profiles  of 
biofilms were different between the different ages of biofilm supernatant.  
 
In  conclusion,  biofilms  were  more  resistant  to  disinfectants  compared  to  planktonic 
Salmonella, but this resistance was not increased in older biofilms.  Metabolic analysis 
shows that there exist chemical differences between planktonic and biofilm modes of 
growth in Salmonella.  Finally, there were differences in the extracellular metabolite 
profiles of biofilms at different ages, however such differences were not observed in 
intracellular metabolite profiles of Salmonella Typhimurium. 
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1.  LITERATURE REVIEW 
 
1.1    SALMONELLA  
1.1.1  Introduction 
Salmonella was named after Daniel Elmer Salmon who first isolated S. Chloeraesuis 
from pigs with swine cholera in 1884 (Humphrey, 2000).  In the early 1980’s, Le Minor 
et  al.  (1982)  proposed  that  the  genus  Salmonella  be  reclassified  into  two  species, 
Salmonella enterica and Salmonella bongori.  Presently there are over 2500 serovars 
identified  in  Salmonella  enterica  by  the  Kauffmann-White  Scheme  based  on  their 
somatic (O) and flagella (H) antigens (Sonne-Hansen and Jenabian, 2005) with serovars 
Typhimurium  and  Enteritidis  responsible  for  over  80%  of  all  human  cases  of 
salmonellosis (Pelludat et al., 2005). 
 
Salmonella  enterica  serovars  are  a  group  of  ubiquitous  pathogens  which  can  cause 
gastroenteritis,  typhoid  fever  and  septicaemia  in  humans  and  infections  in  animals.  
Although primarily an intestinal bacterium, Salmonella enterica are widespread in the 
environment  and  commonly  found  in  farm  effluents,  human  sewage  and  faecal 
contaminated materials.  Despite being extensively studied and recognised as a main 
cause of gastrointestinal disease in humans for many decades, Salmonella continues to 
provide  new  challenges  to  scientists,  particularly  because  of  their  rapid  evolution 
(Porwollik  et  al.,  2002;  Davidson  et  al.,  2008)  and  acquisition  of  new  multi-drug 
resistance genes (Chu et al., 2001; Lynne et al., 2008).  Today, Salmonella infection      
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constitutes  a  major  public  health  burden  and  represents  a  significant  cost  in  many 
countries. 
 
1.1.2  Significance and economics  
The introduction of pasteurized milk and chlorination of water supplies has resulted in a 
significant  reduction  in  Salmonella  outbreaks  in  developed  countries.    Nonetheless, 
outbreaks of salmonellosis are still documented worldwide (CDC, 2009; Kuehn, 2010).  
Expenses associated with salmonellosis, such as medical costs and lost productivity, are 
estimated at several billion dollars annually (Frenzen et al., 1999).  It has been reported 
that more than 1.3 billion cases  of human salmonellosis  occur  annually worldwide, 
accounting for three million deaths (Pang et al., 1995).  In the United States alone, it is 
estimated that 1.4 million non-typhoidal Salmonella infections and 400 deaths occurs 
annually  (Voetsch  et  al.,  2004).    However,  as  a  high  proportion  of  cases  are  not 
reported, the true incidence of salmonellosis is difficult to determine and is likely to be 
much greater than estimated. 
 
1.1.3  Survival outside the host  
Salmonella primarily resides inside a host, however once excreted they must be able to 
adapt and survive in the harsh environment.  It has postulated that adaption and survival 
of Salmonella occurs by entering a viable but nonculturable (VBNC) state (Roszak et 
al., 1984; Oliver, 2005).  VBNC describes a state whereby bacterial cells can not be 
recovered under environmental and laboratory conditions (Oliver, 1995; McDougald et 
al., 1998; Oliver, 2005), but remain intact  and metabolically active.  The ability of 
VBNC cells to be resuscitated however has been a topic of deliberation and has raised      
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some controversy.  Whereas in vitro studies have shown the resuscitation of Salmonella 
from the VBNC state (Gupte et al., 2003; Panutdaporn et al., 2006; Bakhrouf et al., 
2008; Nicolo et al., 2011), it has also been reported that laboratory conditions did not 
allow resuscitation of VBNC cells (Chmielewski and Frank, 1995).  Several in vivo 
studies could not initiate infection from VBNC cells in the animal gut (Smith et al., 
2000; Smith et al., 2002), but it has since been reported that VBNC stressed for 17 years 
were  resuscitated  in  both  nutrient  broth  and  in  mice    (Dhiaf  and  Bakhrouf,  2008).  
Despite the somewhat contradictory reports, investigations into this phenomenon have 
identified the possibility that there exist VBNC cells which could play important roles 
in ecology, infection and epidemiology.  This awareness, although perplexing, could 
encourage  research  in  fundamental  areas  such  that  the  development  of  recovery 
protocols and viability assays are possible.  
 
1.1.4  Antimicrobial resistance  
New  drug  resistant  strains  of  Salmonella  are  emerging  rapidly  and  this  is  largely 
attributed to the licensed use of antimicrobials in food animals (Witte, 1998; Angulo et 
al.,  2000).    Consequently,  these  strains  are  transmitted  to  humans  through  foods.  
Antibiotic resistance determinants in Salmonella usually are encoded on plasmids, but 
can also reside on the multi-drug resistance region of Salmonella Genomic Island 1 
(Fluit, 2005).  Salmonella resistance against the optimal antimicrobials used to treat 
invasive  salmonellosis  is  increasing,  including  resistance  to  extended-spectrum 
cephalosporins  (ESCs)  such  as  first-,  second-  and  third-generation  cephalosporins.  
Resistance  to  ESCs  first  emerged  in  1988  and  by  2004,  43  countries  had  reported 
reduced susceptibility in 53 Salmonella serovars (Arlet et al., 2006).  Data suggests that 
the  acquisition  of  resistance  plasmids  and  the  distribution  of  specific  serovars      
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harbouring these plasmids are driving the observed spread and resistance to ceftiofur (a 
third-generation cephalosporin used in animals) in Salmonella animal isolates (Frye and 
Fedorka-Cray, 2007).   For example, from 1998-2001 there was a 5-fold increase in 
Salmonella resistance to third generation cephalosporin (3GC) due to the emergence of 
MDR AmpC S. Newport (Dunne et al., 2000; Gupta et al., 2003; Weir et al., 2004).  
Salmonella serovar Newport MDR-AmpC is resistant to ampicillin, chloramphenicol, 
streptomycin, sulfamethoxazole, tetracycline, amoxicillin-clavulanic acid, cephalothin, 
cefoxitin,  ceftiofur  and  ceftriaxone  (Zhao  et  al.,  2003).    This  resistance  has  severe 
implications  for  both  humans  and  animals  as  ceftriaxone  is  primarily  used  to  treat 
salmonellosis in children (Hohmann, 2001) and ceftiofur is the only approved drug used 
in food animals in the United States (Zhao et al., 2003).   
 
Another drug resistant strain of global concern and distribution is multi-drug resistant 
(MDR) S. Typhimurium DT104.  Since its identification, it has been one of the most 
commonly isolated serovars from human and animal clinical infection in Europe and 
North  America  (Helms  et  al.,  2005).    This  strain,  which  is  resistant  to  ampicillin, 
chloramphenicol, streptomycin, sulfonamides, and tetracycline (Low et al., 1996), can 
also  be  resistant  to  trimethoprim,  spectinomycin  and  ciprofloxacin  (Threlfall  et  al., 
1996) depending on the resistance phenotype of DT104.  S. Typhimurium DT104 was 
first detected in the 1980’s in cattle and humans (Threlfall, 2000), but has since spread 
to other animal species, including pet cats and dogs (Wall et al., 1996; White et al., 
2003; Guardabassi et al., 2004).  Salmonella antibiotic resistance is a serious problem as 
it  will  minimise  effective  treatment  in  human  and  animal  infections,  and  in  under-
developed countries infections may become effectively untreatable due to the high cost      
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of new antibiotics.  Measures to reduce the spread of MDR strains will largely be a 
combined effort between farmers, veterinarians, and the public health authorities.  
   
In addition to antibiotics, Salmonella resistance to disinfectants has also been widely 
reported.    The  main  objective  of  disinfection  is  to  reduce  microbial  populations 
(Eckman, 1994).  Common classes of disinfectants include oxidizing agents, quaternary 
ammonium compounds (QAC), chlorhexidine, halogens, phenolics and alcohols which 
all have several target sites on the microorganism (Denyer and Stewart, 1998; Maillard, 
2002).  Even though chemical disinfectants remain the most familiar mode of microbial 
inactivation due to cost and practicality reasons, their effectiveness is minimised by 
dilution, heat, organic matter and time.  A study by Stringfellow et al. (2009) evaluated 
the  efficiency  of    QAC,  phenolics,  chlorhexidine  and  a  binary  compound  against 
Salmonella with respect to temperature, organic matter and time.  Results showed that 
phenolics, after six weeks incubation at higher temperatures was not effective against 
Salmonella, but more importantly, organic matter reduced the efficiency of disinfectants 
in a dose-dependant manner.  An increased tolerance of carbon-starved Salmonella to 
hydrogen  peroxide  has  been  reported  (Seymour  et  al.,  1996),  as  well  as  resistance 
among Salmonella from a poultry abattoir to hypochlorous acid (Mokgatla et al., 1998).  
Salmonella  isolates  from  fish  feed  factories  were  not  particularly  resistant  to 
disinfection or air-drying at surfaces (Moretro et al., 2003), and the authors suggested 
that  concentrations  of  disinfectants  and  proper  cleaning  might  be  crucial  to  inhibit 
persistence.    Adaptive  resistance  to  a  range  of  biocides  was  readily  achieved  by 
Salmonella, although it was highly serovar dependent (Braoudaki and Hilton, 2004).  A 
later study concluded that cell surface hydrophobicity and the presence of active efflux 
systems were responsible for observed resistance (Braoudaki and Hilton, 2005).  More      
 
  6 
recently,  it  has  been  reported  that  acid  adaptation  of  Salmonella  reduced  its 
susceptibility to chlorine and QAC (Lin et al., 2011) demonstrating that Salmonella not 
only exhibit resistance to antibiotics, but to disinfectants as well. 
 
Salmonellosis outbreaks associated with food has lead to the evaluation of disinfectants 
on food preparation surfaces.  A laboratory kitchen model was established by Barker et 
al. (2003) to test the effectiveness of hypochlorite and disinfection processes during 
handling of Salmonella contaminated chicken.  Results demonstrated that 500 parts per 
million  (ppm)  (of  available  chlorine)  reduced  microbial  population  but  was  not 
satisfactory for food hygiene.  By increasing the concentration of hypochlorite to 5000 
ppm  however,  the  microbial  population  was  significantly  reduced  and  deemed 
satisfactory for good hygiene.  The effectiveness of natural household sanitizers such as 
lemon juice and vinegar has also been tested against Salmonella on fresh vegetables 
(Yucel Sengun and Karapinar, 2005).  Statistical analysis indicated that effectiveness of 
the sanitizer varied between the types of vegetable, however it was reported that the 
lemon  juice-vinegar  mixture  was  most  effective  at  15  and  60  minutes  where  no 
Salmonella was detected.  Recently, it was suggested that wash water may also serve as 
a source of cross-contamination as a large population of Salmonella were recovered 
from  discharge  effluent  water  (Tomás-Callejas  et  al.,  2012).    Research  studies 
evaluating  disinfectants,  particularly  those  used  in  household  and  food  processing 
surfaces  are  essential  as  it  promotes  awareness  that  the  application  of  chemical 
disinfectants does not guarantee the inactivation of microorganisms and prevention of 
cross-contamination concerns.   
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1.1.5  Salmonella enterica serovar Typhimurium 
Salmonella enterica subspecies enterica serovar Typhimurium causes typhoid in mice 
but causes gastroenteritis in humans and enteritis or septicaemia in other animals.  The 
complete  genome  sequence  of  Salmonella  enterica  serovar  Typhimurium  LT2  was 
sequenced  in  2001  (McClelland  et  al.,  2001).    This  particular  serovar  has  been 
responsible for major outbreaks, including the worst outbreak of food poisoning seen in 
the United States in 1985 when between 168,791 and 197,581 people were affected due 
to  contaminated  pasteurized  milk  (Ryan  et  al.,  1987).    More  recently,  a  multistate 
outbreak  of  Salmonella  infections  associated  with  peanuts  and  peanut  associated 
products occurred.  Over 500 people were reported infected with a Typhimurium strain, 
including 116 hospitalisations and eight deaths (CDC, 2009).  Although the majority of 
serovar  Typhimurium  infections
  result  in  a  self-limited  gastrointestinal  disease, 
fluoroquinolones  and  third-generation  cephalosporins  are  used  in  more  serious 
infections  (Ruiz et  al., 2004).  The  emergence of  Salmonella  resistant to  medically 
important antimicrobials is a serious problem and is set to increase in the future. 
 
 
1.2    BACTERIAL BIOFILMS 
1.2.1  Introduction 
Microbial life in the natural environment commonly exists as biofilms and rarely as 
planktonic growth.   Biofilms develop  when microorganisms  attach to  a surface and 
encase the community of cells in an extracellular environment.  It is also apparent that 
bacteria within the population behave as a cooperative and coordinated community of 
cells (Costerton, 1995).  Biofilm development causes immense problems for industrial      
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water systems, human health and for the shipping and food industries (Table 1.1).  The 
US Navy alone spends an estimated $1 billion annually to combat biofouling (Callow 
and Callow, 2002).  The increase in fuel consumption due to changes in hydrodynamic 
drag when biofilms  form  on a hull, biofilm  removal and environmental compliance 
procedures all contribute to the expenses of biofouling.  According to U.S. National 
Institutes of Health, biofilms account for over 80% of human infections (Kalmokoff et 
al., 2006).  Biofilm related issues are often intensified by the inherent nature of biofilms 
and their resistance to antimicrobials.  
 
1.2.2  Antimicrobial resistance 
Antimicrobial resistance in biofilms is the subject of intensive research.  Many studies 
have demonstrated that biofilms are more resistant to antimicrobials compared to their 
planktonic counterparts (Desai et al., 1998; Ceri et al., 1999; Olson et al., 2002; Walters 
et al., 2003; Frank et al., 2007).  Reduced diffusion, neutralising mechanisms, persister 
cells, resistant genes and stress responses (Figure 1.1) are factors linked to biofilm-
associated  resistance,  however  it  has  been  suggested  that  this  phenomenon  is  most 
likely the result of several factors rather than a single compelling factor  (Costerton et 
al., 1999; Parsek and Fuqua, 2004). 
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Table 1.1: Examples of detrimental effects of biofilms* 
Occurrence   Problem / effect  Reference  
 
Fluid flow systems 
 
 
 
Water distribution  
 
 
 
 
 
 
Attachment to 
medical devices 
 
 
 
 
 
Oil recovery 
industry 
 
 
Attachment to teeth 
 
 
Food, paper and 
paint industries 
 
energy loss and equipment failure,  
reduced heat exchange capacity 
 
 
organoleptic problems, regrowth and  
contamination with potential pathogens, 
decreased pipeline capacity, pitting 
corrosion 
 
 
 
resistance to antimicrobial treatments,  
increased risk of secondary infection 
 
 
 
 
 
corrosion brought about by sulphate- 
reducing-bacteria and blockage of 
pipelines 
 
dental caries and plaque formation  
 
 
spoilage and decrease in product  
quality  
 
McCoy et al., (1981); 
Brankevich et al., (1990); 
Rittenhouse, (1991) 
 
LeChevallier et al., (1988a); 
LeChevallier et al., (1988b); 
van der Wende et al., (1989); 
Exner et al., (1987); Shariff 
and Hassan, (1985); Walker 
et al., (1991) 
 
Gristina and Costerton, 
(1985); Costerton et al., 
(1987); Anwar et al., (1989); 
Kristinson, (1989); Anwar 
and Strap, (1992); Reid and 
Busscher, (1993) 
 
Lynch and Edyvean, (1988); 
Shaw et al., (1985) 
 
 
Murchison et al., (1985); 
Keevil et al., (1987) 
 
Heaton et al., (1991); 
Vaisanen et al., (1994) 
     
 
*Much of the information in this table comes from Morton  et al., (1998).  This table 
was reproduced with permission from Elsevier (License Number: 2370070738688). 
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Figure  1.1:  Commonly  proposed  factors  contributing  to  biofilm  resistance.  (1) 
Antimicrobial agents may fail to penetrate beyond the surface layers of the biofilm. 
Outer  layers  of  biofilm  cells  absorb  damage.  Antimicrobial  agent  action  may  be 
impaired  in  areas  of  waste  accumulation  or  altered  environment.  (2)  Antimicrobial 
agents may be trapped and destroyed by enzymes in the biofilm matrix. (3) Altered 
growth rate inside the biofilm. Antimicrobial agents may not be active against non-
growing microorganisms (persister cells). (4) Expression of biofilm-specific resistance 
genes (e.g., efflux pumps). (5) Stress response to hostile environmental conditions (e.g., 
leading to an over expression of antimicrobial agent-destroying enzymes) (del Pozo and 
Patel,  2007).    This  figure  was  reproduced  with  permission  from  Nature  Publishing 
Group (License Number: 2410040435917).  
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1.2.2.1 Reduced diffusion 
The low diffusion rate of antimicrobials through the biofilm extracellular matrix is a 
widely accepted theory for biofilm resistance.  Penetration-limitation studies have been 
carried out by numerous research groups.  De Beer et al. (1994) showed that chlorine 
penetration  was  retarded  by  the  matrix  of  Pseudomonas  aeruginosa  and  Klebsiella 
pneumoniae  biofilms.    Similarly,  a  study  by  Suci  et  al.  (1994)  showed  that  slow 
penetration time of ciprofloxacin into P. aeruginosa biofilms was a result of the matrix.  
Later on, Chen et al. (1996) investigated the penetration of chlorine into artificial P. 
aeruginosa biofilms.  Results showed that chlorine reacted rapidly with cellular biomass 
which  was  sufficient  to  account  for  failure  of  chlorine  to  penetrate  the  biofilm  of 
interest.    It  was  also  demonstrated  that  penetration  time  of  chlorine  into  the  P. 
aeruginosa biofilm was proportional to the biofilm cell density.  However, support is 
accumulating that antimicrobial agents can penetrate the biofilm without actually killing 
the microbes (Anderl et al., 2000; Stone et al., 2002; Zheng and Stewart, 2002), which 
means there must be other forms of protective mechanisms exhibited by biofilms in 
order to protect themselves.    
 
1.2.2.2 Neutralisation mechanisms 
Neutralizing  reactions  between  the  biofilm  and  antimicrobial  agent  may  reduce  the 
concentration of the antimicrobial, thus rendering the agent ineffective when it reaches 
the  target  cells.    For  example,  catalase-secreting-microbes  are  able  to  neutralise 
hydrogen  peroxide  which  converts  into  water  and  oxygen.    Thus,  while  hydrogen 
peroxide may be effective against one cell, a community of cells may produce enough 
catalase to effectively decompose hydrogen peroxide, rendering it useless.  The role of 
catalase and antimicrobial resistance have been studied in P. aeruginosa (Elkins et al.,      
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1999)  and  Salmonella  Typhimurium  (Robbe-Saule  et  al.,  2001).    Giwercman  et  al. 
(1991) also showed that imipenem induced high levels of beta-lactamase production in 
P. aeruginosa biofilms.  High levels of beta-lactam-degrading enzymes in a biofilm 
would protect the biofilm from beta-lactam antibiotics.  This theory was supported by 
Bagge et al. (2004) who demonstrated that the exposure of P. aeruginosa biofilms to 
imipenem  changed  gene  expression  and  induced  beta-lactamase  and  alginate 
production.   
 
1.2.2.3 Persister cells 
The  existence  of  persister  cells  within  biofilms  has  been  postulated  for  biofilm-
associated antimicrobial resistance.  Biofilm populations are hypothesized to contain a 
small  fraction  of  persisters;  altruistic  cells  which  survive  exposure  to  detrimental 
challenges and ensure the survival of the cell population (Lewis, 2005).  These cells do 
not undergo genetic changes (Lewis, 2007) and may only constitute 1% of total biofilm 
cells (Spoering and Lewis, 2001; LaFleur et al., 2006).  There have been an increasing 
number of studies supporting the persister cell theory (Brooun et al., 2000; Spoering 
and Lewis, 2001; Harrison et al., 2005a; Harrison et al., 2005b; Singh et al., 2009) and 
this mechanism could effectively contribute to biofilm resistance to antimicrobials. 
 
1.2.2.4 Biofilm-specific resistance genes 
It  has  been  established  that  biofilm-associated  cells  display  unique  gene-expression 
patterns compared to planktonic cells (Sauer and Camper, 2001; Whiteley et al., 2001).  
These differences suggest that biofilm-specific genes could also contribute to observed 
antimicrobial resistance in biofilms which has been subsequently supported by various      
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studies (May et al., 2009; Zhang et al., 2009; Kitao et al., 2010).  Interestingly, a study 
by  Grobe  et  al.  (2002)  demonstrated  that  chlorine  and  glutaraldehyde  were  able  to 
completely kill P. aeruginosa biofilm at high biocide concentrations.  This indicates 
that some biocides cannot be adequately neutralized by specific resistance mechanisms, 
which  are  effective  against  antibiotics.  Rather,  the  dominant  factor  contributing  to 
biofilm  antibiotic  resistance  might  be  genes  particular  to  biofilm  growth  instead  of 
genes required for overall protection.  
 
1.2.2.5 Stress response 
Bacteria  are  exposed  to  constant  fluctuations  in  their  growth  conditions  and  have 
consequently  developed  sophisticated  responses  to  adapt  and  survive  a  variety  of 
insults.  Salmonella enters a viable-but-nonculturable (VBNC) state under starvation in 
aquatic environments (Chmielewski and Frank, 1995).  A switch from exponential to 
slow growth can result in increased resistance to antibiotics (Tuomanen et al., 1986), 
which has subsequently been observed in mature biofilm populations (Brown et al., 
1988; Wentland et al., 1996).  Cells within biofilms experience some form of nutrient 
limitation, thus it has been suggested that this starvation can contribute to the resistance 
of biofilms to antimicrobial agents.  However, it should be clear that when exposed to a 
stress, all bacteria will do everything they can to survive regardless of their form. 
 
While the exact reason for biofilm resistance is still the subject of debate, commonly 
accepted  explanations  have  been  discussed  in  the  section  above.  It  is  likely  that 
biofilms  exhibit  multiple  defence  mechanisms  in  concert,  given  that  biofilm 
development is a multicellular event.  Biofilm resistance has made treatment of biofilm-
associated diseases problematic and there is a need for antimicrobial drug development      
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to focus on disruption of biofilms.  Clearly, to develop biofilm antimicrobials requires 
an  advanced  perception  of  the  multicellular  nature  of  biofilm  defence  mechanisms 
(Costerton et al., 1999). 
 
1.2.3  Salmonella biofilms  
Biofilms are increasingly implicated as burdens to food and public safety.  There is a 
general  concern that biofilm  formation  of food-borne pathogens  on food processing 
equipment will result in persistence and aid in transmission of diseases.  Salmonella 
spp. are environmentally persistent pathogens capable of forming biofilms on different 
surfaces under different environmental conditions and may act as continuous sources of 
food  contamination.  Salmonella  can  form  biofilms  on  plastics  (Joseph  et  al.,  2001; 
Momba and Kaleni, 2002), glass (Prouty and Gunn, 2003) and stainless steel (Hood and 
Zottola, 1997; Joseph et al., 2001).  It has also been demonstrated that Salmonella form 
biofilms on human gallstones which may contribute to the establishment of a chronic 
carrier state (Prouty et al., 2002).  Consequently, there is a continuing need for research 
and new information concerning the basis of Salmonella biofilm formation, maturation 
and persistence within the environment to assist in the management of this pathogen. 
 
1.2.4  Salmonella biofilm formation and composition 
Biofilm formation is a developmental process that requires a series of well-regulated 
steps.  Although the exact mechanisms differ from microbe to microbe, the stages of 
biofilm development appear to be conserved among most micro-organisms (O'Toole, 
2003).  The initial step in biofilm formation occurs with surface attachment of bacteria 
and  can  be  divided  into  two  phases:  reversible  attachment  phase  and  irreversible      
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attachment phase (Marshall et al., 1971).  After attachment, cells develop into micro-
colonies  and  produce  an  extracellular  polymeric  matrix  usually  consisting  of 
polysaccharides,  proteins  and nucleic acids.   Finally, dispersion occurs by shedding 
daughter cells, detachment or shearing of biofilm aggregates. 
 
Salmonella biofilm formation is a highly complex procedure and biofilm characteristics 
are unique to a particular condition (Prouty and Gunn, 2003), and regulated by intricate 
regulatory networks  (Romling et al., 1998a; Romling et al., 1998b; Romling et al., 
2000; Romling, 2001).  The rdar (red, dry and rough) model is perhaps the best studied  
morphotype  of  Salmonella  enterica  (Collinson  et  al.,  1997;  Romling,  2005)  and  is 
defined by a particular colony morphology on Congo agar plates.  Curli, cellulose and 
the biofilm-associated protein (BapA) are matrix components in Salmonella biofilms. 
Curli are thin aggregative fimbriae (AgF) first reported on the surface of E. coli (Olsen 
et al., 1989) and later characterised on S. Enteritidis strains (Collinson et al., 1991).  
Cellulose is also a component of the matrix (Zogaj et al., 2001; Solano et al., 2002) and 
has been shown to enhance long-term survival of Salmonella under desiccation (White 
et al., 2006).  Expression of cellulose and curli in S. Typhimurium is dependent on the 
transcriptional  regulator  CsgD  (Gerstel  and  Romling,  2003)  and  their  co-expression 
leads to a hydrophobic network of cells embedded in a highly inert matrix.  Proteins are 
found in biofilm matrix but their presence has, thus far, only been related to the initial 
attachment of cells to surfaces.  BapA  is the second largest protein of S. Typhimurium 
and is required for biofilm formation (Latasa et al., 2005).  Deletion of BapA resulted in 
loss of capacity to form a biofilm, whereas the over expression of BapA increased the 
thickness of the biofilm (Latasa et al., 2005). Despite our knowledge of the complex 
composition  of  the  biofilm  matrix,  studies  have  focused  primarily  on  the      
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polysaccharides.  Proteins and nucleic acids, and the mechanism by which the protein 
and nucleic acids contribute to biofilm development, should also be closely examined.   
 
1.2.5  Salmonella biofilm antimicrobial resistance 
The recognition  that bacteria exist predominantly as  biofilms  rather than planktonic 
cultures has fundamental implications for the practice of disinfection and sanitization.  
Standard  methods  for  testing  bactericidal  activity  of  disinfectant  against  bacteria 
currently rely on planktonic cultures.  We now know that biofilms are inherently more 
resistant to antimicrobial treatments than planktonic bacteria.  The formation of biofilms 
provides a way for planktonic cells to be constantly shed from the surface and into the 
environment.  Understanding Salmonella biofilms is of great importance as they are a 
potential  source  of  persistent  bacterial  contamination  and  human  infection.    As 
Salmonella  infections  are  usually  self-limiting,  antibiotics  are  not  commonly  used.  
Thus,  prevention  such  as  by  disinfection  plays  an  important  role  in  preventing 
contamination  and  infection.    Previous  work  has  been  carried  out  examining  the 
susceptibility of  Salmonella  biofilms  to disinfectants  (Leriche and Carpentier, 1995; 
Scher et al., 2005; Tabak et al., 2007; Mangalappalli-Illathu et al., 2008a).  As biofilms 
are  very  diverse  and  unique  to  the  particular  environment  in  which  they  are  being
 
formed, in vitro characterization of biofilms is difficult
 and requires the establishment of 
laboratory  conditions  that
  mimic  the  natural  setting  being  studied.  Discrepancies 
between  biofilm  antimicrobial  resistance  studies  are  a  consequence  of  formation 
diversities such as surface material, media, temperature and the age of biofilm.   
 
      
 
  17 
1.3    METABOLOMICS 
1.3.1  Introduction 
Genomics, transcriptomics and proteomics have all made significant contributions to the 
field of functional genomics, however, they do not necessary reflect the phenotype of a 
cell  (Figure  1.2).    The  biochemical  level  of  the  metabolome  is  the  closest  to  the 
phenotype,  thus  the  study  of  the  metabolome  is  key  to  understanding  biological 
functioning.  The word ‘metabolome’ was coined to represent the entire suite of small 
molecules (metabolites) present in and derived from an organism (Oliver et al., 1998), 
and has also brought about the onset of specific terms used in metabolomics (Table 1.2).   
Metabolomics  aims  to  analyse  and  identify  the  full  suite  of  small  molecules 
(metabolites) present in a cellular or biological system (Oliver et al., 1998; Fiehn, 2001; 
Kell  et  al.,  2005).    Depending  on  where  the  metabolites  are  found  (Figure  1.3), 
metabolomics  can  also  be  further  separated  into  extracellular  metabolomics  (exo-
metabolome) and intracellular metabolomics (endo-metabolome) (Nielsen and Oliver, 
2005). 
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Figure 1.2: Interaction of the different -omes within a cell (Nielsen and Oliver, 2005).  
This  figure  was  reproduced  with  permission  from  Elsevier  (License  Number: 
2410101112917). 
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Table 1.2: Definitions used in metabolomics 
Terms  Definitions 
Metabolomics   Approaches to analyse the metabolome or a fraction of 
the  metabolome.  Metabolomics  involves  sampling, 
sample preparation, chemical analysis, and data analysis 
(Nielsen and Oliver, 2005) 
Metabolome  The complete set of metabolites synthesised by a cell in 
association  with  its  metabolism  (Fiehn,  2001;  Allen  et 
al., 2003) 
Exo-metabolome  Total  metabolites  excreted  outside  the  cell  (culture 
supernatant) (Mashego et al., 2007) 
Endo-metabolome  Total metabolites located inside the cell (intracellularly) 
(Mashego et al., 2007) 
Metabolic footprinting  Analysis  of  the  exo-metabolome.    This  may  be  either 
through  analysis  of  specific  metabolites  or  through 
spectra  that  do  not  provide  information  about  specific 
metabolites (Nielsen and Oliver, 2005) 
Metabolic fingerprinting  Spectra from  either NMR or MS analysis that give an 
‘imprint’  of  the  intracellular  metabolites  (Fiehn,  2001; 
Allen et al., 2003) 
Metabolic profiling   Analysis that provides identification and quantification of 
a group of specific metabolites such as amino acids, that 
share similar physical and chemical physical properties 
or metabolic pathways (Fiehn, 2001; Allen et al., 2003)  
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Figure 1.3: Classification of different approaches of metabolomics investigations with 
respect to comprehension and metabolite localisation (Oldiges et al., 2007).  This figure 
was reproduced with permission from Springer (License Number: 2364070957673).  
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1.3.2  Modern technologies 
Metabolomics is becoming increasingly popular due to the ability to measure numerous 
metabolites directly from complex biological systems with accuracy. This has largely 
been possible due to advances in analytical instrumentation.  However, due to the wide 
range of physicochemical properties (Figure 1.4) and concentration of metabolites, the 
development  of  a  single  method  suitable  for  separating,  detecting  and  identifying 
metabolites has so far been unsuccessful.  Mass spectrometry and nuclear magnetic 
resonance  (NMR)  are  the  most  frequently  employed  methods  of  detection  in  the 
analysis  of  the  metabolome  and  detailed  reviews  about  MS-  and  NMR-based 
metabolomics  have  been  published  (Reo,  2002;  Dettmer  et  al.,  2007; Garcia  et  al., 
2008). 
 
Data  processing  in  metabolomics  involves  deconvolution,  standardization  and 
multivariate statistical analysis to interpret the vast amount of data (Gowda et al., 2008).  
Biochemical databases can be used to identify unknown metabolites such as to classify 
structure from a known elemental composition, or to determine the biological function 
of the identified metabolite.  Although genomics and proteomics databases are readily 
available,  metabolomics  databases  are  still  inadequate.    Nonetheless,  specific 
metabolomics  mass  spectrometry  databases  are  in  development.    For  example,  The 
Golm Metabolome Database (GMD) contains publicly available mass spectra, retention 
indexed metabolite libraries and GC-MS metabolic profiles of plant samples (Kopka et 
al., 2005).   
 
There are a number of promising technologies and methodologies that will provide new 
metabolomics applications in the future.  More specifically, developments in methods,      
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instrumentation, platforms, databases, libraries and data mining and statistical softwares 
will propel this field of ‘omics’ forward and increase our current knowledge of biofilm 
metabolism and associated phenotypes.   
 
1.3.3  Biofilm metabolomics  
Bacterial phenotypic plasticity occurs when bacteria alter their phenotype in response to 
external surroundings.  Biofilms display specific phenotypes that make them different to 
planktonic cells.  During biofilm development, phenotypic changes such as reduced cell 
division, resistance to antimicrobials, altered colony morphology and the induction of 
metabolic pathways (Sauer et al., 2002; Allegrucci et al., 2006; Allegrucci and Sauer, 
2007; Workentine et al., 2010) have been reported.  As metabolomics incorporates both 
the analysis and identification of metabolites, it will allow scientists to monitor changes 
in metabolic profiles following perturbations to a system.  This relatively new ‘omics’ 
science  has  provided  an  innovative  approach  for  future  research  into  the  metabolic 
complexity of biofilms.   
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Figure  1.4:  The  wide  range  of  physicochemical  properties  of  metabolites  and 
techniques  used  to  compliment  each  other  by  resolving  compounds  with  differing 
properties. 
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1.3.4  Fingerprinting biofilms 
The  primary  objective  of  metabolic  fingerprinting  is  to  compare  patterns  or 
‘fingerprints’ of metabolites that change in  response to  disease or environmental  or 
genetic modifications.  Fingerprinting has been successfully performed in a wide variety 
of biological matrices and can be used as a diagnostic tool in disease by comparing 
fingerprints of healthy and diseased subjects (Dettmer et al., 2007).  The true potential 
of metabolomics is revealed when qualitative and quantitative analyses are executed.  
The  identification  of  specific  metabolites  and  their  perturbation  as  descriptors  in 
particular phenotypes  will  provide information  that can be utilised in  understanding 
metabolic pathways.  For example, a metabolic study by Barsch et al. (2004) found an 
accumulation  of  2-isopropylmalate  in    Sinorhizobium  meliloti  leucine  auxotrophic 
mutants.    Surprisingly,  this  particular  metabolite  is  not  the  direct  substrate  of  the 
mutated enzyme but rather, the substrate of another enzyme further upstream in the 
biosynthetic pathway of leucine.  This suggests inhibition of another enzyme from the 
leucine biosynthetic pathway.  Deciphering the chemical steps in a metabolic pathway 
could aid in future drug development efforts, particularly if the pathway exists for other 
fundamental biological processes.   
 
The ability to fingerprint biofilms will allow scientists to pinpoint specific metabolic 
changes  in  response  to  external  stresses  and  other  perturbations.    Biofilms  are 
notoriously resistant to antimicrobials but it is not clear why this phenomenon exists.  
There  have  been  many  biofilm  resistance  studies  exploring  extracellular  matrices, 
persister cells, neutralisation mechanisms, reduced diffusion, biofilm-resistance genes, 
and more recently, metabolic differences in Pseudomonas fluorescens biofilms and their 
contribution  to  withstanding  environmental  stresses  (Workentine  et  al.,  2010).    A      
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comprehensive understanding of biofilm-specific metabolic responses to perturbations, 
especially  antibiotics,  will  lead  to  novel  drug  targets  and  therapies  for  combating 
biofilm-associated diseases. 
 
Rewards from  obtaining  fingerprints  of beneficial  biofilms  should not be neglected.  
Constructive applications of biofilms in water and wastewater treatment, bioremediation 
of  contaminated  soil  and  groundwater  and  leaching  of  precious  minerals  are  often 
overshadowed  by  the  effects  of  detrimental  biofilms.    Fingerprints  could  improve 
efficiency on existing bioremediation and wastewater biofilm systems and also lead to 
the engineering of biofilms with a preference for a particular mineral.   
 
1.3.5  Footprinting biofilms 
Whereas metabolic fingerprinting describes the analysis of the intracellular metabolites,  
the  term  metabolic  footprinting  was  introduced  to  describe  analysis  of  the  exo-
metabolome  (extracellular  metabolites)  in  microbial  cultures  (Allen  et  al.,  2003).  
Microbial  cells  leave a  ‘footprint’ in  the extracellular medium  with  respect  to  their 
growth  progression,  thus  any  biochemical  changes  by  an  organism  in  a  given 
environment  can  be  identified.    Extracellular  metabolic  profiles  have  been  used  to 
discriminate  the  different  physiological  states  of  wild-type  cells  from  mutant  cells 
(Allen et al., 2003), monitor amino acid metabolism in bacteria (Kaderbhai et al., 2003) 
and identify stress  biomarkers in  complex  microbial communities  (Henriques  et  al., 
2007).  Footprinting can provide scientists with a fundamental understanding of cell 
communication mechanisms, particularly with biofilm-associated quorum sensing. 
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1.3.5.1 Quorum sensing molecules 
Aside from direct cell to cell contact, the secretion of small molecules offers the most 
obvious strategy for bacterial cell communication. Translating bacterial communication 
and  coordinated  behaviour  using  metabolomics  is  an  intriguing  prospect.    Quorum 
sensing (QS) is a cell to cell communication system dependent on population density 
whereby  bacteria  monitor  their  population  by  producing,  releasing,  detecting  and 
responding to chemical signalling molecules known as autoinducers.  To date, four QS 
systems  have  been  identified;  Gram-positive  bacteria  predominately  use  post-
translationally modified peptides as signal molecules (Lyon and Novick, 2004), Gram-
negative  bacteria  utilise  N-acylhomoserine  lactones  (AHLs)  otherwise  known  as 
autoinducer-1 (AI-1) (Fuqua and Greenberg, 1998), Gram-positive and Gram-negative 
bacteria share the luxS / autoinducer-2 (AI-2) system (Surette et al., 1999, 1999b) and 
enterohemorrhagic  Escherichia  coli  employ  the  autoinducer-3  (AI-3)  /  
epinephrine/norepinephrine system (Sperandio et al., 2003).   
 
Quorum  sensing  in  Gram-positive  bacteria  is  typically  regulated  by  an  oligopeptide 
two-component system which consists of a sensor and response-regulator protein.  This 
system  uses  post-translationally  modified  oligopeptides  as  autoinducers  which  are 
secreted via an ATP-binding cassette (ABC) transporter complex.  Signal transduction 
occurs  via  a  phosphorylation  cascade  whereby  the  response-regulator  protein  is 
activated and regulates the transcription of specific genes (Kleerebezem et al., 1997).  
Identified systems include the Staphylococcus aureus AgrC/AgrA system (Morfeldt et 
al., 1988; Peng et al., 1988; Morfeldt et al., 1995) which regulates virulence factors, and 
the Bacillus subtilis ComP/ComA system (Grossman and Losick, 1988; Perego et al., 
1991; Rudner et al., 1991; Magnuson et al., 1994) which regulates competence and      
 
  27 
sporulation.    Signalling  through  the  production  of  modified  peptides  is  confined  to 
Gram-positive bacteria (Sturme et al., 2002).   
 
Quorum sensing in Gram-negative bacteria is typically regulated by the LuxI/LuxR-
type Vibrio fishceri system or its homologues (Table 1.3).  This system uses an AHLs, 
which  is  synthesized  by  LuxI-type  proteins,  and  detected  by  the  LuxR-type  protein 
(Fuqua  et  al.,  2001;  Whitehead  et  al.,  2001;  Xavier  and  Bassler,  2003).    AHL 
production  is  dependent  on  population  density.    On  reaching  a  critical  threshold 
concentration, the AHL molecule binds to its cognate receptor which in turn leads to the 
induction/repression of AHL-regulated genes (Fuqua et al., 1994). These genes regulate 
functions  such  as  bioluminescence,  plasmid  conjugal  transfer  (Piper  et  al.,  1993), 
biofilm formation, and the production of virulence factors in plant pathogens (Pirhonen 
et  al.,  1993).    At  present,  over  70  LuxI/LuxR  quorum  sensing  systems  have  been 
identified  (Withers  et  al.,  2001).    Interestingly,  Escherichia  coli  and  Salmonella 
enterica,  while  possessing  a  LuxR  homologue  (SdiA:  suppressor  of  cell  division
 
inhibition  A),  does  not  synthesize  any  known  AHLs  as  it  does  not  possess  a  luxI 
homologue  (Ahmer  et  al.,  1998;  Michael  et  al.,  2001;  Smith  and  Ahmer,  2003).  
However, studies have shown that SdiA respond to a broad range
 of AHLs secreted by 
other microorganisms (Smith and Ahmer, 2003; Ahmer, 2004). 
 
The only QS system, to date, shared by both Gram-positive and Gram-negative bacteria 
involves AI-2, which is produced by the LuxS enzyme  The universal distribution of AI-
2 within the bacterial domain suggests that AI-2 is used for interspecies communication 
(Surette  et  al., 1999).  AI-2 is  a metabolic by-product  of  S -adenosyl-L-methionine 
(Samson and Frisvad) in the activated methyl cycle.  SAM is converted into SAH (S-     
 
  28 
adenosyl-L-homocysteine),  which  is  then  detoxified  by  the  Pfs  enzyme  (5’-
methylthioadenosine) to produce adenine and SRH (S-ribosyl-homocysteine).  During 
the conversion of SRH to homocysteine (which is carried out by the LuxS enzyme) in 
the activate methyl cycle, the by-product DPD (4, 5-dihydroxyl-2, 3-pentanedione) is 
also produced.  Although DPD is the precursor of AI-2, there are many derivatives 
generated  spontaneously  from  this  precursor.    Chen  et  al.  (2002)  was  the  first  to 
determine  the  structure  of  the  AI-2  in  V.  harveyi  as  a  furanosyl  borate  diester.  
However, whereas boron may be highly important to marine bacteria, it is usually not 
essential to other forms of bacteria and is not always associated with AI-2 activity.  It 
has  since  been  reported  that  Salmonella  Typhimurium  does  not  require  boron  for 
signalling and recognizes a chemically distinct form of AI-2; (2R,4S)-2-methyl-2,3,3,4-
tetrahydroxytetrahydrofuran (R-THMF) (Miller et al., 2004). 
 
Biofilm formation is regulated by QS (Davies et al., 1998) and QS molecules have been 
shown to serve intermediary roles in metabolism.  AI-2 have been linked to promoting 
biofilm formation (Yoshida et al., 2005; Gonzalez Barrios et al., 2006) and inhibiting 
biofilm formation  (Hammer and Bassler, 2003).  Despite widespread AI-2 production 
and detection in the microbial world, to date, only bioluminescence in V. harveyi and an 
ABC transporter in S. Typhimurium (Taga et al., 2001; Taga et al., 2003a) have been 
shown to be regulated by AI-2.  Even though autoinducer-2 is more commonly used for 
interspecies  communication  (Surette  et  al.,  1999),  it  does  not  always  act  as  a  QS 
molecule (Geier et al., 2008).  It has been demonstrated that AI-2-dependent signalling 
is a reflection of metabolic state of the cell and not cell density (Beeston and Surette, 
2002).  Interestingly, the metabolic roles of LuxS (Winzer et al., 2003; Learman et al., 
2009)  has  resulted  in  an  active  debate  on  whether  AI-2  is  a  true  quorum  sensing      
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molecule or an environmental cue (Diggle et al., 2007).  A study by Geier et al. (2008) 
showed that AI-2 does not act as a quorum sensing molecule in Mycobacterium avium 
biofilm  formation,  rather,  the  response  is  triggered  by  oxidative  stress  such  as  the 
addition of hydrogen peroxide.  This demonstrates that biofilm formation can be linked 
to oxidative stress as a reaction to changing environmental conditions.  Regardless of 
whether  it  is  a  quorum  sensing  molecule  or  a  cue,  both  cooperation  and  reaction 
contribute  to  the  micro-organism’s  ability  to  adapt  and  survive  in  different 
environmental conditions and should be thoroughly investigated.  
 
Footprinting biofilm systems represent a novel and effective approach to identifying 
potential QS molecules.  These QS molecules are an attractive drug target as they could 
conceivably  prevent  or  induce  biofilm  formation,  disperse  an  existing  biofilm  or 
increase  the  susceptibility  of  biofilm-associated  bacteria  to  host  defences  and 
antimicrobial agents.  Regrettably, modified QS antagonists or agonist designs may not 
be  so  simple  due  to  the  versatile  roles  of  QS  molecules  and  their  diverse  nature 
(Cegelski et al., 2008).  Despite these challenges, footprinting epitomizes the first step 
towards  the  discovery  of  novel  small  molecules  that  could  contribute  to  significant 
pharmaceutical applications. 
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Table 1.3: Gram-negative bacteria possessing LuxI/LuxR homologues; the organism, 
the system, the autoinducer involved, and the regulated functions* 
Organism  Lux/LuxR 
Homologue 
Autoinducer  Functions 
Aeromonas 
hydrophila 
AhyI/AhyR  N-butanoyl-HSL  serine  protease  and 
metalloprote-ase  activity  
(Swift et al., 1999) 
 
Agrobacterium 
tumefaciens 
TraI/TraR  N-(3-oxooctanoyl)-HSL  Ti plasmid conjugation  
(Piper et al., 1993; Zhang et 
al., 1993) 
 
Burkholderia 
cepacia 
CepI/CepR 
 
N-octanoyl-HSL  Protease  and  siderophore 
production  
(Lewenza et al., 1999) 
 
Erwinia 
carotovora. 
(a) ExpI/ExpR 
 
 
(b) CarI/CarR 
N-(3-oxohexanoyl)-HSL  (a) exoenzyme synthesis 
(Jones et al., 1993; Pirhonen 
et al., 1993) 
(b)  carbapenem  antibiotic 
synthesis  (Bainton  et  al., 
1992) 
 
Pseudomonas 
aeruginosa 
(a) LasI/LasR 
 
 
 
(b) Rh1I/Rh1R 
(a)  N-(3-oxododoecanoyl)-
HSL 
 
 
(b) N-butyryl-HSL 
(a) lasA, lasB, aprA, toxA 
(exoprotease  virulence 
factors, biofilm formation) 
(Pearson et al., 1994) 
(b)  lasB,  rh1AB  (rhamnol-
ipid), rposS (stationary phase) 
(Pearson et al., 1995; Latifi et 
al., 1996) 
       
Vibrio cholerae  (a) 
LuxS/LuxPQ  
 
 
(b) CqsA/CqsS 
(a)  (2S,4S)-2-methyl-2,3,3, 
4-tetrahydroxytetrahydrof-
uran borate 
(b)  (S)-3-hydroxytridecan-
4-one 
virulence (Miller et al., 2002; 
Zhu et al., 2002) 
biofilm  formation  (Hammer 
and Bassler, 2003) 
Vibrio fischeri 
 
LuxI/LuxR  N-(3-oxohexanoyl)-HSL  luxCDABE (bioluminescence) 
(Eberhard  et  al.,  1981; 
Engebrecht et al., 1983) 
 
*Much of the information in this table comes from de Kievit et al., (2000). 
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1.3.6  Future directions 
Metabolomic methods and tools are evolving rapidly, but interpretation of resulting data 
is still challenging owing to a lack of automated data mining software and metabolomic 
databases.  Clearly, there are many technical challenges that need to be addressed in 
order  to  generate  comprehensive  metabolomics  databases  and  increase  metabolite 
coverage.  However, metabolomics has already begun to address questions that have 
previously remained elusive.    
 
Genomic and proteomic approaches have unquestionably generated a wealth of new 
information about biofilms, but do not necessary reflect the phenotype of a biofilm.  
The study of the metabolome, however, is the most predictive of phenotype and will 
more closely emulate the activities of a biofilm at a functional level.  With the exception 
of  various  NMR  studies  (Gjersing  et  al.,  2007;  Workentine  et  al.,  2010)  current 
information about biofilm metabolomics is limited.   
 
Metabolomics holds the promise to greatly contribute to the understanding of biofilms.  
Profiling the metabolic changes associated with perturbations to a biofilm system via 
fingerprinting,  the  potential  discovery  of  novel  quorum  sensing  molecules  through 
footprinting,  and  the  integration  of  metabolomics  datasets  with  existing  genomic, 
transcriptomic  and  proteomic  data  will  undoubtedly  provide  scientists  with  a  new 
wealth of knowledge about biofilms.  
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1.4    THESIS OVERVIEW 
Salmonella  are  important  food-borne  pathogens  and  studies  concerning  growth, 
survival, persistence and transmission are imperative in effective prevention and control 
of this pathogen.  In this research, comparative studies of planktonic versus biofilm and 
biofilms of different ages of Salmonella enterica serovar Typhimurium were carried out 
assessing susceptibility and metabolic disparities.  Chemical disinfectant studies were 
executed  for  planktonic  and  biofilm  populations  and  biofilms  of  different  ages.    A 
bottom-up  metabolomic  approach  was  taken  in  contrast  to  traditional  genetic  or 
proteomic  approaches  to  evaluate  metabolic  variation  between  planktonic  versus 
biofilm and biofilms of different ages. 
 
1.4.1  Aims and hypotheses 
The research work was based on the following aims and hypotheses: 
Aims: 
1.  Characterise  Salmonella  Typhimurium  biofilm  using  the  Calgary  Biofilm 
Device. 
2.  Evaluate the susceptibility of planktonic and biofilm Salmonella Typhimurium 
to chemical disinfectants  
3.  Evaluate  the  susceptibility  of  Salmonella  Typhimurium  biofilms  at  different 
ages to chemical disinfectants. 
4.  Compare  the  metabolic  profiles  of  planktonic  and  biofilm  Salmonella 
Typhimurium. 
5.  Compare  the  metabolic  profiles  of  Salmonella  Typhimurium  biofilms  at 
different ages. 
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Hypotheses: 
1.  Salmonella biofilms are more resistant to disinfectants compared to planktonic 
Salmonella. 
2.  Seven-day-old Salmonella biofilms are more resistant to disinfectants compared 
to three- and five-day-old biofilms. 
3.  Metabolic profiles of planktonic and biofilm Salmonella are distinct. 
4.  Metabolic profiles of Salmonella biofilms at different ages are different. 
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2.  COMPARATIVE SUSCEPTIBILITY OF PLANKTONIC 
AND  3-DAY-OLD  SALMONELLA  TYPHIMURIUM 
BIOFILMS TO DISINFECTANTS 
 
2.1  ABSTRACT 
In this study the susceptibility of a three-day-old biofilm and planktonic Salmonella to 
disinfectants  at  different  exposure  times  was  evaluated.  We  hypothesize  that 
Salmonella  biofilms  are  more  resilient  to  disinfectants  compared  to  planktonic 
Salmonella.    The  susceptibility  of  planktonic  cells  to  disinfectants  was  tested  by  a 
modified  version  of  the  Council  of  Europe  suspension  test  EN  1276.    Salmonella 
biofilms were formed using the Calgary Biofilm Device (CBD).  Results show that 
three-day-old Salmonella biofilms are less susceptible to the disinfectants benzalkonium 
chloride,  chlorhexidine  gluconate,  citric  acid,  quaternary  ammonium  compounds, 
sodium hypochlorite and ethanol, compared to planktonic Salmonella.  Surprisingly, the 
results  also  demonstrate  that  low  concentrations  of  sodium  hypochlorite  were  more 
effective against a three-day-old biofilm compared to high concentrations of sodium 
hypochlorite.    While  all  the  disinfectants  evaluated  were  able  to  reduce  biofilm-
associated cells at concentrations and contact times sufficient to eliminate planktonic 
cells, there were still sufficient viable cells remaining in the biofilm to cause further 
contamination and potential infection.  
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2.2  INTRODUCTION 
In  most  ecological  niches,  bacteria  exist  as  a  surface-attached  community  of  cells 
encased in an extracellular polymeric matrix, otherwise known as a biofilm.  Biofilms 
represent a new perception of microbial existence, and their formation causes problems 
in industrial water systems, human and animal health environments, the food processing 
industry and the shipping industry.  Biofilm control is difficult as their development is a 
form  of  protective  mechanism  conferring  resistance  towards  predation  (Matz  et  al., 
2005), pH (Stoodley et al., 1997), temperatures (McAuliffe et al., 2006; Srivastava et 
al., 2008) and antimicrobials (Vorachit et al., 1993; Larsen and Fiehn, 1996; Williams 
et  al.,  1997;  Ceri  et  al.,  1999;  Olson  et  al.,  2002).    Therefore,  understanding  the 
differences between planktonic and biofilm bacteria is important with respect to control 
and disinfection. 
  
Chemical disinfectants remain the most common mode of microbial inactivation due to 
cost and practicality reasons.  However, there are numerous factors which determine 
their  effectiveness  such  as  contact  time,  the  surrounding  environment  and  the 
concentration  of  the  disinfectant  (Prescott  et  al.,  2002).    Efficiency  testing  of 
disinfectants such as Koch’s method, Rideal-Walker method and Kelsey-Sykes test all 
utilize planktonic bacterial cultures.  It is now recognised that planktonic culture studies 
do not reflect the efficacy of disinfectants against bacteria in the biofilm state, and many 
disinfectants are less effective against biofilm-associated bacteria (Stewart et al., 2001; 
Buckingham-Meyer et al., 2007; Byun et al., 2007).  
 
Salmonella spp. are environmentally persistent pathogens capable of forming biofilms 
on  different  surfaces  and  under  different  environmental  conditions.    This  includes      
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formation on plastics (Joseph et al., 2001; Momba and Kaleni, 2002), glass (Prouty and 
Gunn,  2003)  and  stainless  steel  (Hood  and  Zottola,  1997;  Joseph  et  al.,  2001).   
Although  salmonellae  are  primarily  intestinal  bacteria,  they  are  widespread  in  the 
environment and are commonly found in farm effluents, human sewage, and in any 
material subjected to faecal contamination.  Salmonella infections are usually divided 
into typhoidal (caused by serovars Typhi and Paratyphi) or non-typhoidal (Winter et al., 
2008).  Estimates of the annual number of NT Salmonella infections in Canada and the 
United States range from 800,000 to 4,000,000 (Chalker and Blaser, 1988; Todd, 1989) 
with  approximately  400  deaths  in  the  United  States  alone  (Voetsch  et  al.,  2004).  
However, as many cases are not reported, the true incidence of salmonellosis is difficult 
to determine and the actual number of infections may be much greater. Recently, an 
outbreak of Salmonella Typhimurium infections associated with peanuts in the United 
States resulted in 500 human infections with eight possible deaths (CDC., 2009). 
 
There  is  a  continuing  need  for  research  and  scientific  data  concerning  the  basis  of 
Salmonella biofilm formation, maturation and persistence within the environment to 
assist in management of this pathogen.  The objectives of this study were to characterize 
Salmonella  biofilm  growth  using  the  Calgary  Biofilm  Device  and  to  compare  the 
susceptibility of biofilm and planktonic Salmonella to chemical disinfectants. 
 
2.3  MATERIALS AND METHODS 
2.3.1  Salmonella strain and culture conditions 
Salmonella  enterica  serovar  Typhimurium  ATCC  14028  was  routinely  grown 
aerobically  in  Luria-Bertani  (LB)  agar  and  broth  at  37
oC.  Purity  was  checked  by      
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streaking  cultures  onto  xylose  lysine  deoxycholate  (XLD)  agar  (BD  Difco
TM  XLD 
Agar, USA) and incubating them overnight at 37
oC. Only colonies with black centres 
were used in the inoculums (Taylor, 1965).  
 
2.3.2  Biofilm formation 
Salmonella  biofilms  were  formed  aerobically  using  the  MBEC
TM  High-throughput 
(HTP)  assay  system  (MBEC™  BioProducts,  Canada,  also  known  as  the  Calgary 
Biofilm Device [CBD]) as previously described by Ceri and colleagues  (Ceri et al., 
1999), with some modifications. Briefly, this device consists of a 96-peg lid (top plate) 
and a ridged trough (bottom plate). The top plate fits over the trough which contains a 
standardised microbial inoculum (1.0 x 10
7 cfu/ml). The device is placed on a rocking 
platform (Bio-line Platform Rocker, Model 4100, Edwards Instrument Company, New 
South Wales, Australia), which allows a shear force to be created forming equivalent 
biofilms on all the pegs.  
 
2.3.3  Salmonella biofilm growth curve 
Growth curves for S. Typhimurium were obtained in order to assess their ability to grow 
as a stable biofilm in different concentrations of medium (100%, 50% and 10%), and to 
achieve the most stable biofilm to carry out disinfectant susceptibility testing. Biofilm 
growth curves were determined by removing four pegs from the lids every day for 24 
hours. Each peg was rinsed twice with 0.9 % saline to remove planktonic cells, and 
placed in 200µl of LB broth. Pegs were sonicated for five minutes (Bransonic 220, 
Branson  Consolidated Ultrasonic Pty  Ltd,  Australia) and serially diluted ten fold in      
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0.9% saline. 50µl of each dilution was plated onto  LB agar via the spreader method, 
incubated overnight at 37
oC and then assessed for colony forming units (CFU).   
 
2.3.4  Scanning electron microscopy 
The SEM protocol used was previously described by Harrison and colleagues (Harrison 
et  al.,  2006),  with  some  modifications.  Briefly,  removed  pegs  were  rinsed  in  0.9% 
saline for one minute, fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) 
and  left  overnight  at  4
oC.  After  fixing,  pegs  were  washed  in  cacodylate  buffer  for 
approximately 10 minutes and then distilled water for another 10 minutes. Pegs were 
dehydrated in ethanol, starting with 30% ethanol; two changes and left for 10 minutes, 
then 50% two changes and left for 10 minutes, 70% two changes and left for 15 minutes 
and 80% ethanol two changes and left for 10 minutes. Pegs were then air dried for a 
minimum of 48 hours, mounted onto stubs with carbon tape, sputter coated with gold 
and  examined  by  SEM  (Philips  XL20,  Philips  Electronic  Instruments  Company, 
Mahwah, New Jersey).  
 
2.3.5  Planktonic disinfectant challenge 
The susceptibility of planktonic cells to disinfectants was tested by a modified version 
of the Council of Europe suspension test EN 1276, as described previously by Moretro 
and colleagues (Moretro et al., 2003) except that LB agar and broth was used. The 
neutralizing agent (BD Difco
TM D/E Neutralizing Broth, USA) was used to neutralise 
the disinfectants after exposure to the cells.  The number of cells used in the planktonic 
disinfectant challenge was the same number of cells used in the biofilm disinfectant 
challenge.       
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2.3.6  Biofilm disinfectant challenge 
Salmonella biofilms were exposed to different chemical disinfectants listed in Table 2.1 
at  different  concentrations,  at  two  different  time  exposures  (one  minute  and  five 
minutes). Each dilution was prepared from the stock solutions and used immediately. 
Peg lids were removed at the appropriate day of growth, rinsed in saline (one minute) to 
remove planktonic bacteria then placed in a disinfectant challenge plate and exposed for 
one or five minutes. Peg lids were then rinsed twice (one minute per rinse) in saline to 
remove any residual disinfectant, transferred to another 96 well plate containing 200µl 
of  LB,  sonicated  on  high  for  five  minutes  and  plated  onto  LB  agar.  Plates  were 
incubated  overnight  at  37
oC  and  scored  for  growth.  All  testing  was  carried  out  in 
triplicate and repeated twice.   
 
2.3.7  Statistical Analysis 
All  data  were  analysed  using  GraphPad  Prism  5  (GraphPad  Prism  version  5.00  for 
Windows, GraphPad Software, San Diego California USA).  The Salmonella growth 
curves were analysed using linear regression. Disinfectant groups were compared to 
controls using 1-way ANOVA followed by Dunnett’s multiple comparison test.  All 
bacterial  growth  data  is  expressed  as  log  mean  colony  forming  units  ±  SEM.  
Differences of P < 0.05 were considered significant. 
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2.4  RESULTS  
2.4.1  Growth curves 
Salmonella biofilm growth curves are shown in Figure 2.1.  Linear regression analysis 
revealed that biofilms grown in 100% LB media and 50% LB media were not stable 
during the seven day growth period as slopes significantly deviated from zero (P = 
0.0005 and 0.036 respectively).  In contrast, biofilms grown in 10% LB produced a 
stable biofilm over the seven day growth period. 
 
2.4.2  Scanning Electron Microscopy 
Scanning electron microscopy images of the Salmonella biofilm grown on the CBD for 
three days in 10% LB are shown in Figure 2.2.  The images confirm the presence of 
biofilm  growth  on  the  pegs  of  the  CBD.    The  three-day  old  Salmonella  biofilm  is 
sparsely  scattered  over  the  surface  of  the  peg  and  appears  to  be  comprised  of  a 
monolayer  of  individual  cells  which  are  visible  within  a  thin  layer  of  extracellular 
matrix (indicated by the arrows).  Despite the biofilm not being homogenous on the peg, 
bacterial numbers recovered from the pegs were very similar, as demonstrated by our 
controls in Figures 2.3 and 2.5.   
 
2.4.3  Disinfectant Challenge (1 minute) 
For planktonic Salmonella exposed to disinfectants at recommended user concentrations 
for one minute (Table 2.1), no growth was only observed following incubation with 
chlorhexidine gluconate (CG) and sodium hypochlorite (SH).  For CG, a concentration 
of 0.2% w/v was required to prevent growth, while a SH concentration of 5.25 g/L was      
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required to prevent growth of planktonic  Salmonella.  For three-day-old Salmonella 
biofilms  exposed to  the same concentration of  disinfectants  for one minute, growth 
occurred following incubation with all disinfectants except SH (Figure 2.3).  For all 
disinfectants  tested,  except  SH,  increasing  the  concentration  significantly  reduced 
biofilm  colony  forming  units  (CFU)  compared  to  controls  (Figure  2.3),  however 
complete elimination of the biofilm did not occur, even at the highest concentrations, 
except for the quaternary ammonium compound (QAC) which required a concentration 
of  47 g/L to eliminate the biofilm.  For SH, the recommended user concentration of 
1.31 g/L up to  5.25 g/L eliminated the biofilm, however 10-fold higher concentrations 
of 26.25 g/L and 52.5 g/L were not effective in preventing growth (Figure 2.4).  
 
2.4.4  Disinfectant Challenge (5 minutes) 
Planktonic Salmonella failed to grow following incubation for five minutes with all 
disinfectants at recommended user concentrations.  For three-day-old biofilms incubated 
for  five  minutes  (Figure  2.5),  only  Citric  Acid  and  SH  eliminated  the  biofilm  at 
recommended  user  concentrations.    Benzalkonium  chloride  (BC)  and  the  QAC 
eliminated the biofilm at concentrations of 0.75% w/w and 23.5 g/L respectively.  CG 
reduced the number of CFU within the biofilm, but did not completely eliminate the 
biofilm at any concentrations tested.  A reduction in CFU but failure to eliminate the 
biofilm was also observed with 70% ethanol. 
 
2.5  DISCUSSION 
The  present  study  was  designed  to  compare  the  susceptibility  between  biofilm  and 
planktonic Salmonella Typhimurium to chemical disinfectants.  Protocols for the use of      
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chemical disinfectants were previously developed on the basis of eradicating planktonic 
forms of bacteria, and not those in the biofilm form.   The phenomenon of biofilm-
reduced  susceptibility  to  antimicrobial  agents  is  an  extensively  scrutinised  area  of 
microbial research.  However, to date,  there is no universal test method to evaluate 
antimicrobial susceptibilities of bacterial biofilms.  A standard method of antimicrobial 
testing for biofilms is essential as it will allows valid comparisons of susceptibility data 
to be made.  The Calgary Biofilm Device (CBD) is an invaluable apparatus for studying 
biofilms  and  is  used in  research  for  assessing  the susceptibility  of  biofilms  against 
antimicrobials  (Ceri  et  al.,  1999;  Bardouniotis  et  al.,  2001;  Olson  et  al.,  2002; 
Bardouniotis  et  al.,  2003).    To  the  best  of  our  knowledge,  this  is  the  first  paper 
published that investigates Salmonella biofilm susceptibility to disinfectants using the 
CBD.  
 
Biofilms are very diverse and unique to the particular environment in which they are 
being
 formed.  Thus, in vitro characterization of biofilms is difficult
 and requires the 
establishment  of  laboratory  conditions  that
  mimic  the  natural  setting  being  studied. 
Discrepancies between biofilm antimicrobial resistance studies are a consequence of 
formation  diversities  such  as  surface,  media,  temperature  and  bacterial  strains.    To 
ensure  that  the  biofilm  being  used  in  this  study  was  stable,  growth  curves  were 
generated using different concentrations of LB broth with no salt.  Results from this 
study  revealed  that  under  nutrient  poor  conditions  (10%  LB  no  salt)  Salmonella 
Typhimurium established a stable biofilm for at least seven days while biofilms grown 
in nutrient rich conditions were not stable. 
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An important feature of a biofilm is the development of an extracellular matrix which 
encases the bacterial cells.  This matrix is thought to protect cells from biocides and 
other harsh environmental factors either by acting as a barrier and as such reducing 
penetration, and/or by inactivating the active compound (Suci et al., 1994; Chen and 
Stewart, 1996).  The SEM images taken in this study of a three-day-old Salmonella 
biofilm  shows  minimal  matrix  formation.    While  it  is  evident  that  the  cells  have 
attached to the peg, individual cells were easily distinguishable.  This suggests that 
while the matrix may play a role in protecting the cells from antimicrobials in other 
biofilms, it was not the case in this research.  
 
Overall, the results of this research demonstrated that Salmonella biofilms grown on the 
CBD were less susceptible to disinfectants compared to planktonic cells.  In general, 
higher concentrations of disinfectants, and increased contact times, were required to 
prevent  the  growth  of  biofilm-associated  cells  following  incubation.    However,  the 
results of this study demonstrated that low concentrations of SH were actually more 
effective against three-day-old Salmonella biofilms compared to higher concentrations 
of SH.  SH at concentrations of 1.31 g/L, 2.62 g/L and 5.25 g/L prevented growth of 
biofilm-associated  cells  while  10-fold  higher  concentrations  of  SH  did  not  prevent 
growth.  This unexpected result can not be explained by ‘break point chlorination’, 
whereby the ratio of chlorine and water determines the amount of hypochlorous acid 
formed and the disinfecting capability (Orchard, 1940 ; Griffin and Chamberlin, 1945), 
because  planktonic  Salmonella  were  not  eradicated  when  exposed  to  SH  at  a 
concentration  of  1.31g/L  for  one  minute.    It  was  recently    reported  that  low 
hypochlorous  acid-to-protein  levels  can  kill  E.  coli  via  oxidative  unfolding  and 
aggregation of proteins (Winter et al., 2008).  Perhaps a similar mechanism occurs in      
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the Salmonella biofilm as its matrix is comprised of  cellulose (Zogaj et al., 2001), curli 
(Barnhart and Chapman, 2006) and the cell surface protein BapA (Latasa et al., 2005). 
Nevertheless, further investigation is required to understand this observation. 
 
Contact time is an important factor when applying chemical disinfectants to biofilms 
(Mosteller and Bishop, 1993).  A minimal contact time of one minute was selected for 
the testing of all disinfectants as an ideal disinfectant is one that produces an effect after 
a short contact time.  We demonstrated that all disinfectants reduced viable cells in the 
biofilm at one minute, although complete eradication was only achieved with SH and 
QAC at more than 20-fold the recommended user concentration.  Planktonic cells were 
all eliminated when exposed to the recommended user concentrations for one minute.  
By increasing the contact time to five minutes most of the disinfectants tested were able 
to eradicate the cells within the biofilm at recommended user concentrations or higher 
concentrations, with the exception of CG at 50mg/mL and 70% ethanol which did not 
eliminate  the  biofilm.    We  anticipate  contact  times  longer  than  five  minutes  may 
eliminate the biofilm for these disinfectants but this was not examined in this study.  
 
Our study showed that 70% ethanol was not very effective against Salmonella biofilm, 
whereas sodium hypochlorite was effective.  This contradicts the study by Moretro et al. 
2009 (Moretro et al., 2009a) who established that concentrations of ethanol 70-80% 
were most effective against Salmonella biofilms and that hypochlorite was the least 
effective disinfectant.  Differences in study design may account for this difference.  In 
this  study  a  three-day-old  biofilm  was  grown  at  37
oC  using  the  CBD,  which  is 
comprised of plastic.  Moretro and colleagues (Moretro et al., 2009b) grew two-day-old 
biofilms  at  20
oC  on  stainless  steel  chips.    Therefore,  the  surface  material  and      
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temperature  of  biofilm  formation,  along  with  the  age  of  biofilm,  could  change  the 
susceptibility of a biofilm towards similar disinfectants.  These differences emphasise 
the need for a standard method to be utilized when determining biofilm susceptibilities 
to disinfectants.  
 
Understanding Salmonella biofilms is of great importance as they are a potential source 
of  persistent  bacterial  contamination  and  human  infection.    Disinfection  plays  an 
important role in preventing such contamination and infection.  Based on the results of 
this study, we conclude that Salmonella biofilms are less susceptible to disinfectants 
compared to planktonic Salmonella.  While all the disinfectants evaluated were able to 
reduce  biofilm-associated  cells  at  concentrations  and  contact  times  sufficient  to 
eliminate  planktonic  cells,  there  were  still  sufficient  viable  cells  remaining  in  the 
biofilm to cause further contamination and potential infection.  In addition, we conclude 
the  CBD  is  an  effective  tool  for  determining  the  susceptibility  of  biofilms  to 
disinfectants and could be used effectively to determine the concentration and contact 
times required for biofilm eradication. 
 
 
 
 
 
 
 
 
      
 
  75 
Table 2.1: List of disinfectants used to compare susceptibility of biofilm and planktonic 
Salmonella to disinfection.  
Disinfectant  Concentration  Recommended user 
concentration 
 
Sodium hypochlorite 
(available chlorine) 
 
 
52.5g/L 
(5.0% m/v) 
 
1.31g/L 
 
Citric acid anhydrous 
 
3.2% w/w  3.2% w/w 
Benzalkonium chloride 
 
1.5% w/w  0.07% w/w 
 
 
Quaternary ammonium 
compound 
 
 
47g/L 
 
2.24g/L 
 
Chlorhexidine gluconate
 
 
50mg/ml  1mg/ml 
Ethanol  70% v/v  70% v/v 
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Figure 2.1: Salmonella enterica serovar Typhimurium ATCC 14028 biofilm growth 
curves from the MBEC High-throughput (HTP) assay system.  Biofilm growth curves 
were generated at concentrations of 100% (●), 50% (■) and 10% (▲) Luria-Bertani 
(LB) broth with no sodium chloride over a period of seven days.  The experiments were 
performed twice in triplicate on separate days.  The results represent the mean obtained 
from those two experiments.  Slopes were analysed using linear regression and slopes 
that deviated significantly from zero (P < 0.05) were considered unstable biofilms.  
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Figure 2.2: Scanning electron microscopy images of Salmonella Typhimurium biofilm 
grown in the CBD for three days.  The extracellular matrix is indicated by the arrows 
(Image D).  Pegs were rinsed in water prior to fixation with 2.5% glutaraldehyde in 
0.1M cacodylate buffer.  Images A-D were taken from the same peg at magnifications 
of 55X, 157X, 631X and 10076X.  
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Figure 2.3: Salmonella biofilm exposed for one minute to different concentrations of 
disinfectants: BC: benzalkonium chloride; CA: citric acid anhydrous; CG: chlorhexidine 
gluconate; QAC: quaternary ammonium compound; SH: sodium hypochlorite. Water 
was used as the control. The experiments were performed twice in triplicate on separate 
days. The data is presented as the mean ± SEM cfu/ml and plotted on a log scale.  All 
groups were statistically different from the control (P< 0.05).  
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Figure 2.4: Three-day-old Salmonella biofilm exposed to different concentrations of 
sodium hypochlorite for one minute.  Water was used as a control.  The experiments 
were performed twice in triplicate on separate days. The data is presented as the mean ± 
SEM cfu/ml and plotted on a log scale.  All groups were statistically different from the 
control (P< 0.05).  
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Figure 2.5: Salmonella biofilm exposed for five minutes to different concentrations of 
disinfectants: BC: benzalkonium chloride; CA: citric acid anhydrous; CG: chlorhexidine 
gluconate; QAC: quaternary ammonium compound; SH: sodium hypochlorite. Water 
was used as the control. The experiments were performed twice in triplicate on separate 
days. The data is presented as the mean ± SEM cfu/ml and plotted on a log scale.  All 
groups were statistically different from the control (P< 0.05), except for CG 50mg/mL.   
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3.  COMPARATIVE SUSCEPTIBILITY OF SALMONELLA 
TYPHIMURIUM  BIOFILMS  OF  DIFFERENT  AGES  TO 
DISINFECTANTS 
 
3.1  ABSTRACT 
There is a general consensus that an increasing age of a biofilm increases resistance to 
antimicrobials.    In  this  study  the  susceptibility  of  three,  five  and  seven-day-old 
Salmonella enterica serovar Typhimurium biofilms to disinfectants was evaluated.  We 
hypothesize that seven-day-old biofilms are more resistant to disinfectants compared to 
three and five-day-old biofilms.  Biofilms were formed using the MBEC™ system and 
treated with six chemical disinfectants for one and five minutes.  Four disinfectants at 
the highest concentration available showed 100% reduction in viable cells from all ages 
of biofilms after five minutes exposure, and ethanol at 70% v/v was the least effective 
against biofilms, followed by chlorhexidine gluconate (CG).  At the recommended user 
concentrations, only sodium hypochlorite (SH) showed 100% reduction in viable cells 
from all ages of biofilms, benzalkonium chloride (BC) and CG were the least effective 
against  biofilms,  followed  by  quaternary  ammonium  compound  (QAC)  which  only 
showed 100% reduction in viable cells from five-day-old biofilms.  Overall, results 
from this study do not display enhanced resistance in seven-day-old biofilms compared 
to three and five-day-old biofilms.  We conclude that under the conditions of this study, 
the  age  of  biofilm  does  not  contribute  to  biofilm  resistance  towards  disinfectants. 
Rather, the concentration of disinfectant and an increased contact time were both shown 
to play a role in successful sanitization.      
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3.2  INTRODUCTION 
Salmonellosis  is  an  important  public  health  issue  and  remains  a  major  problem 
worldwide.    Expenses  associated  with  salmonellosis  such  as  medical  costs  and  lost 
productivity are estimated at several billion dollars per annum in the United States alone 
(Frenzen et al., 1999).  While there are over 2500 serovars of  Salmonella enterica, 
serovars  Typhimurium  and  Enteritidis  account  for  over  80%  of  all  human  cases  of 
salmonellosis in developed countries (Pelludat et al., 2005).  Salmonella spp. are known 
to form biofilms on many surfaces (Hood and Zottola, 1997; Momba and Kaleni, 2002; 
Prouty and Gunn, 2003) and can act as a source of contamination of food products if 
biofilms are formed on food processing surfaces. 
 
Although  biofilms  have  both  beneficial  and  detrimental  aspects,  from  a  practical 
perspective, control of biofilms is the single most compelling reason to study biofilms.  
The formation of biofilms by food-borne pathogens on food processing surfaces in the 
food industry and at home is highly undesirable, and disinfectants are commonly used 
to prevent and control the spread of these pathogens.  Whilst it has been demonstrated 
that  Salmonella  biofilms  are  more  resistant  to  disinfectants  compared  to  planktonic 
Salmonella (Somers et al., 1994; Joseph et al., 2001; Wong et al., 2010a), less is known 
about the resistance with increasing age of biofilm.   
 
There have been contradictory studies about increased resistance with increasing age of 
a  biofilm.    It  has  been  documented  that  older  biofilms  exhibit  greater  resistance  to 
antimicrobials in comparison to younger biofilms (Anwar and Costerton, 1990; Anwar 
et al., 1992; Leriche and Carpentier, 1995; Fraud et al., 2005).  Conversely, it has also      
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been reported that increasing age of biofilm does not contribute to increased resistance 
(Wilson et al., 1996; Gilbert et al., 2001; Kim et al., 2007).    
 
We have previously evaluated the susceptibility of biofilm and planktonic Salmonella to 
disinfectants and shown that in general, biofilms were more resistant to disinfectants 
compared  to  their  planktonic  counterparts  (Wong  et  al.,  2010a).    In  this  study,  the 
susceptibility  of  Salmonella  biofilms  of  different  ages  to  the  same  concentration  of 
disinfectants was investigated.  More specifically, we evaluated the susceptibility of 
three, five and seven-day-old Salmonella biofilms to chemical disinfectants following 
one and five minutes exposure times.   
 
3.3  MATERIALS AND METHODS 
3.3.1  Salmonella strain and culture conditions 
Salmonella  enterica  serovar  Typhimurium  ATCC  14028  was  used  as  the  reference 
strain in this study.  The strain was cultured daily in Luria-Bertani (LB) broth and agar 
at  37
oC.    Pure  Salmonella  cultures  were  established  from  stock  cultures  following 
overnight growth at 37
oC on xylose lysine deoxycholate (XLD) agar (Becton Dickinson 
Difco™ XLD Agar, USA).  Colonies with black centres on XLD were used in the 
inoculums (Taylor, 1965). 
 
3.3.2  Biofilm formation 
Salmonella biofilms were grown in 10% LB broth with no sodium chloride.  We have 
previously demonstrated, by generating biofilm growth curves, that the biofilms grown 
in 10% LB broth with no sodium chloride were stable for at least seven days (Wong et      
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al., 2010a).  Biofilms were formed aerobically using the MBEC
TM High-throughput 
(HTP)  assay  system  (MBEC™  BioProducts,  Canada,  also  known  as  the  Calgary 
Biofilm Device [CBD]) as previously described by Ceri and colleagues  (Ceri et al., 
1999), with some modifications (25ml of inoculum and six rocks per minute).  Briefly, 
this device consists of a 96-peg lid (top plate) and a ridged trough (bottom plate). The 
top plate fits over the trough which contains a standardised microbial inoculum (1.0 x 
10
7 cfu/ml).  The device is placed on a rocking platform (Bio-line Platform Rocker, 
Model  4100,  Edwards  Instrument  Company,  New  South  Wales,  Australia)  and 
incubated at 37
oC for three, five or seven days. 
 
3.3.3  Biofilm disinfectant challenge 
Salmonella biofilms were exposed to a panel of chemical disinfectants listed in Table 
2.1 (page 54) at different concentrations for one or five minutes.  Each disinfectant 
dilution was prepared from stock solutions and used immediately.  Sterilised tap water 
was used as the control and tested in conjunction with the panel of disinfectants.  Peg 
lids were removed at the appropriate day of growth, rinsed with 0.9 % saline for one 
minute to remove planktonic bacteria then placed in a disinfectant challenge plate and 
exposed for one or five minutes statically.  Peg lids were then statically rinsed twice 
(one minute per rinse) with saline to remove any residual disinfectant, statically rinsed 
once in  neutralizing agent  (BD Difco  ™ D⁄E Neutralizing broth) and transferred to 
another 96-well plate containing 200µl of LB.  Plates were sonicated on high for five 
minutes (Bransonic 220, Branson Consolidated Ultrasonic Pty Ltd, Australia), serially 
diluted in 0.9% saline and plated onto LB agar using the spreader technique.  Plates 
were incubated overnight at 37
oC and scored for colony forming units (cfu).  All testing      
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was carried out in triplicate and repeated twice.  The experimental design of this study is 
given in detail by the manufacturer (Innovotech, Canada). 
 
3.3.4  Statistical Analysis 
Mean  cell  count,  standard  error  and  1-way  analysis  of  variance  (Romanova  et  al.) 
calculations were performed using GraphPad Prism 5 (GraphPad Prism version 5.00 for 
Windows, GraphPad Software, San Diego California USA).  Disinfectant groups (test) 
were  compared  to  controls  (control)  using  1-way  ANOVA  followed  by  Dunnett’s 
multiple comparison test.  All bacterial growth data is expressed as log colony forming 
units (cfu) per peg.  
 
3.4  RESULTS  
3.4.1  Disinfectant challenge (1 minute)  
Salmonella biofilms were grown for three, five and seven days with an overall mean 
density of 6.29 ± 0.46, 6.20 ± 0.61, and 5.54 ± 0.17 log cfu/peg, respectively.  Biofilms 
were then exposed to different disinfectants for one minute (Figure 3.1).  Benzalkonium 
chloride (BC) at 1.5% w/w reduced 4.2 and 3.5 log of viable cells from three and five 
day biofilms and no viable cells were recovered from seven day biofilms.  Citric acid 
(CA) reduced 3.1 and 5.0 log of viable cells from three and five day biofilms and no 
viable cells were recovered from seven day biofilms.  No viable cells were recovered 
from  any  biofilms  when  exposed  to  quaternary  ammonium  compound  (QAC)  at 
47mg/ml.  Chlorhexidine gluconate (CG) at 50mg/ml reduced 3.1, 4.5 and 3.0 log of 
viable cells from three, five and seven-day-old biofilms, respectively.  Ethanol at 70% 
w/w reduced 2.6, 1.8 and 3.3 log of viable cells from three, five and seven-day-old      
 
  92 
biofilms, respectively.  After exposure to sodium hypochlorite (SH) at 52.5mg/ml, no 
viable cells were recovered from five and seven day biofilms and there was a 3.3 log 
reduction in viable cells from 3-day-old biofilms.  
 
Figure 3.2 shows the effect of disinfectants on Salmonella biofilms when diluted to the 
recommended user concentrations.  As CA at 3.2% w/w and 70% ethanol were already 
at  the  recommended  user  concentrations  no  further  dilutions  were  carried  out.  
Salmonella biofilms were grown for three, five and seven days with an overall mean 
density of 5.29 ± 0.41, 4.91 ± 0.62, and 5.14 ± 0.31 log cfu/peg, respectively.  No viable 
cells were recovered from any biofilms after treatment with SH at 1.31mg/ml.  BC at 
0.07% w/w reduced 1.4, 1.9, and 2.3 log of viable cells from three, five and seven day 
biofilms, respectively.  There was a 1.7, 3.4 and 1.9 log reduction in viable cells from 
biofilms after treatment with CG at 1mg/ml.  Exposure to QAC at 2.2mg/ml showed a 
2.9, 4.0 and 2.8 log reduction of cells from biofilms.   
 
3.4.2  Disinfectant challenge (5 minutes)  
Salmonella biofilms were grown for three, five and seven days with an overall mean 
density of 5.88 ± 0.45, 5.78 ± 0.16, and 5.70 ± 0.36 log cfu/peg, respectively.  Biofilms 
were then exposed to disinfectants for five minutes (Figure 3.3).  No viable cells were 
recovered from any biofilms after treatment with BC at 1.5% w/w, CA at 3.2% w/w, 
QAC at 47mg/ml and SH at 52.5mg/ml.  There was a 3.2 and 4.9 log reduction in viable 
cells  from  three  and five-day-old  biofilms  (respectively) after treatment with  CG at 
50mg/ml, and no viable cells were recovered from seven day biofilms.  There was a 2.6, 
3.0 and 3.7 log reduction in viable cells from three, five and seven-day-old biofilms 
(respectively) after exposure to ethanol at 70% v/v.      
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Figure 3.4 shows the effect of disinfectants on Salmonella biofilms when diluted to the 
recommended user concentrations.  As CA at 3.2% w/w and ethanol at 70% v/v were 
already at the recommended user concentrations, no further dilutions were required.  
Salmonella biofilms were grown for three, five and seven days with an overall mean 
density of 5.47 ± 0.64, 5.30 ± 0.42, and 5.47 ± 0.26 log cfu/peg, respectively.  No viable 
cells were recovered from biofilms after treatment with SH 1.3mg/ml.  No viable cells 
were recovered from five day biofilms when exposed to QAC at 2.2mg/ml, and there 
was  a 1.7 and 2.9 log reduction in  viable cells  from  three and seven day biofilms, 
respectively.  After treatment with CG at 1mg/ml and BC at 0.007% w/w there was a 2 
– 3 log reduction in viable cells from all ages of biofilms. 
 
3.5  DISCUSSION 
In this study, the effect of Salmonella biofilm age on survival following exposure to 
chemical disinfectants for one and five minutes was investigated.  To the best of our 
knowledge, this is the first study that has evaluated disinfectant susceptibility between 
Salmonella  biofilms  grown  in  the  MBEC™  system  at  different  ages.    We  have 
previously  demonstrated  the  successful  use  of  the  MBEC™  system  at  growing 
Salmonella biofilms up to seven days (Wong et al., 2010a).  Salmonella biofilm growth 
curves  were  generated  in  various  concentrations  of  media  and  the  comparative 
evaluation  of planktonic and biofilm  Salmonella  to  disinfectants  was  assessed.  We 
found  that  Salmonella  biofilms  were  indeed  less  susceptible  to  disinfectants  when 
compared to planktonic Salmonella, and along with other studies, support the notion 
that the MBEC™ system is a fast and reliable device used to generate biofilms and      
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study biocide susceptibility (Ceri et al., 1999; Bardouniotis et al., 2001; Bardouniotis et 
al., 2003; Wong et al., 2010a).   
 
While  our  study  show  that  older  Salmonella  Typhimurium  biofilms  were  not  more 
resistant to disinfectants than young biofilms, Leriche et al. (1995) reported otherwise.  
The conflicting results probably reflect the diverse conditions of growth and differences 
between  the  devices  used  in  the  current  and  previous  studies,  such  that  of  culture 
conditions, fluid dynamics and nature of surface.  Leriche et al. (1995) used one and 
four-day-old  biofilms  formed  on  polycarbonate  slides  with  no  shear  force  under 
conditions  of  high  salt  and  high  nutrients  (saline  peptone)  and  lower  incubation 
temperature (25
oC).  In a previous paper we reported that the most stable biofilm to 
carry out disinfectant susceptibility testing was under nutrient poor conditions (Wong et 
al.,  2010a),  thus  for  this  study  we  chose  to  evaluate  our  biofilms  under  the  same 
conditions.  In addition, the biofilms used in this study were formed on polystyrene pegs 
with low shear force and higher incubation temperature (37
oC).  Salmonella is known to 
alter  their  composition  in  response  to  flow  conditions  (Mangalappalli-Illathu  et  al., 
2008) and it has been documented that there were considerable differences between log 
reductions in cells from different biofilm reactor systems of turbulent, slow and no fluid 
flow (Buckingham-Meyer et al., 2007).  The efficiency of disinfectants on biofilms is 
also known to vary considerably depending on the surface nature of biofilm formation, 
and it has been reported that  Salmonella biofilm are more sensitive to disinfectants 
when formed on stainless steel than those on plastic (Joseph et al., 2001).  However, as 
polystyrene and polycarbonate are both plastics we do not believe this factor contributed 
to differences between the two studies.  
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All the disinfectants evaluated in this study significantly reduced viable cell numbers 
from biofilms.  The age of the biofilm did not appear to affect the resistance of biofilm 
towards disinfectants; rather the concentration, type of disinfectant and time of exposure 
played a pivotal role in successful sanitization.  The effects of disinfectants are highly 
concentration dependent (Russell and McDonnell, 2000) which are consistent with the 
results from this study.  We show that high concentrations of disinfectants were able to 
reduce more viable cells from biofilms, or even demonstrate 100% reduction in viable 
cells.  The types of disinfectants evaluated also plays a pivotal role in reducing viable 
numbers of cells from Salmonella biofilms.  For example, we found that overall CG was 
one  of  the  least  effective  disinfectants  against  Salmonella  biofilms  even  at  high 
concentrations.  This could be attributed to the cell wall composition of Salmonella 
itself, such that gram negative bacteria are less susceptible to chlorhexidine than gram 
positive bacteria (Suller and Russell, 1999; Tote et al., 2010).  BC is classified as a 
QAC;  however,  in  this  study  QAC  appears  to  be  more  effective  at  reducing  cell 
numbers from biofilms at all ages.  This could be a result of the different lengths of 
hydrophobic chain as BC is found to have different bactericidal activities depending on 
the length of its hydrophobic chain (Jono et al., 1986).  QACs are generally more active 
against gram-positive bacteria than gram-negative bacteria (Lopes 1986) but it appears 
that increasing the concentration and contact time increases its effectiveness (Figure 
3.3)  although  it  remains  unclear  why  no  viable  cells  were  recovered  from  five-day 
biofilms when exposed to lower concentrations of QAC (Figure 3.4).  SH was one of 
the most effective disinfectants against biofilms which is consistent with other studies 
(Rossoni and Gaylarde 2000; Tote et al. 2010).  The effectiveness of low concentrations 
of  SH  against  biofilms  has  also  been  reported  (Rossoni  and  Gaylarde  2000)  but  it 
remains poorly understood and should be further explored.        
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While it is generally accepted that biofilms are less susceptible to disinfectants than 
their planktonic counterparts, little is known about whether reduced susceptibility is 
demonstrated across all ages of the biofilm.  We conclude that under the conditions of 
this  study  the  age  of  biofilm  does  not  contribute  to  biofilm  resistance  towards 
disinfectants.    Rather,  the  concentration  and  type  of  disinfectant  and  an  increased 
contact time were both shown to play a role in successful sanitization. 
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Figure 3.1: Three, five and seven-day-old Salmonella Typhimurium biofilms exposed 
for  one  minute  to  different  disinfectants.    Water  was  used  as  the  control.    The 
experiments were performed in triplicates and repeated twice on separate days.  The 
data is presented as the mean cell count (log cfu/peg) ± SEM.   
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Figure 3.2: Three, five and seven-day-old Salmonella Typhimurium biofilms exposed 
for one minute to disinfectants at the recommended user concentration.  Water was used 
as the control.  The experiments were performed in triplicates and repeated twice on 
separate days.  The data is presented as the mean cell count (log cfu/peg) ± SEM.   
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Figure 3.3: Three, five and seven-day-old Salmonella Typhimurium biofilms exposed 
for  five  minutes  to  different  disinfectants.    Water  was  used  as  the  control.    The 
experiments were performed in triplicates and repeated twice on separate days.  The 
data is presented as the mean cell count (log cfu/peg) ± SEM. 
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Figure 3.4:  Three, five and seven-day-old Salmonella Typhimurium biofilms exposed 
for five minutes to disinfectants at the recommended user concentration.  Water was 
used as the control.  The experiments were performed in triplicates and repeated twice 
on separate days.  The data is presented as the mean cell count (log cfu/peg) ± SEM. 
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4.  METABOLIC  PROFILING  OF  PLANKTONIC  AND 
BIOFILM  SALMONELLA  TYPHIMURIUM  USING  GAS 
CHROMATOGRAPHY MASS SPECTROMETRY 
 
4.1  ABSTRACT 
The  metabolic  profiles  of  planktonic  and  biofilm  Salmonella  enterica  serovar 
Typhimurium  have  not  been  previously  compared.    In  this  study,  we  have  used  a 
metabolomic approach using gas chromatography coupled with mass spectrometry (GC-
MS) to compare the metabolite profiles of planktonic and biofilm modes of growth in 
Salmonella.  By using a GC-MS metabolomic approach, growth medium was compared 
with supernatant from planktonic and biofilm cultures (extracellular metabolites) and 
biofilm cells were compared with planktonic cells (intracellular metabolites).  Principal 
component analysis (PCA) and spectral comparisons revealed differences between the 
overall metabolic profiles of planktonic and biofilm S. Typhimurium.  Many of these 
metabolic differences could be accounted for by variation in amino acids.  This study 
shows that there exist chemical differences between planktonic and biofilm modes of 
growth.    The  significance  of  amino  acids  in  this  study  supports  previous  genomic 
research showing up-regulation of amino acid genes in biofilms.  Understanding the 
metabolic differences between biofilms and planktonic cells is important in developing 
new antimicrobials to combat biofilms. 
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4.2  INTRODUCTION 
Despite  the  introduction  of  pasteurization  and  chlorination  of  water  supplies, 
Salmonella-associated-diseases  remain  a  significant  public  health  issue  with  an 
estimated 93.8 million cases of salmonellosis worldwide each year (Majowicz et al., 
2010).    The  ability  of  Salmonella  spp.  to  form  biofilms  on  surfaces  has  profound 
consequences in nature and disease, particularly since biofilms may act as continual 
sources  of  contamination.    Biofilms  are  notoriously  difficult  to  combat,  even  with 
antimicrobials that are effective against the same strain grown in planktonic form, as 
demonstrated by numerous antimicrobial susceptibility studies (Leriche and Carpentier, 
1995; Scher et al., 2005; Tabak et al., 2007; Mangalappalli-Illathu et al., 2008; Wong et 
al., 2010a).  There is also general consensus that microbial adhesion alters metabolism, 
however the results of such studies are often ambiguous (van Loosdrecht et al., 1990).   
   
Microbial metabolomics is rapidly gaining popularity, as this relatively new field has 
revealed  an  innovative  approach  for  research  into  the  metabolic  complexity  of 
microorganisms.  The metabolome is the closest representation of the ‘phenotype’ of an 
organism,  and  as  such,  the  study  of  the  metabolome  is  crucial  in  understanding  its 
biochemistry.    It  is  evident  that  biofilms  exhibit  properties  distinct  from  planktonic 
cells,  and  comparative  proteomic  and  metabolomic  studies  have  already  begun  to 
elucidate  these  differences.    Proteomic  studies  demonstrated  that  Pseudomonas  spp. 
experience global changes in gene expression following attachment to a silicone surface 
(Sauer and Camper, 2001) and during the stages of biofilm development (Sauer et al., 
2002).  More recently, a metabolomics approach was used to investigate metabolome 
differences between Pseudomonas aeruginosa grown in planktonic and biofilm modes      
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(Gjersing et al., 2007) and to profile the metabolites of different colony morphology 
variants isolated from P. fluorescens biofilms (Workentine et al., 2010). 
 
Previously, we have demonstrated the successful use of the MBEC™ assay system to 
grow Salmonella Typhimurium biofilms (Wong et al., 2010a).  The work presented here 
demonstrates  the  use  of  GC-MS-based  metabolic  profiling  techniques  to  distinguish 
between planktonic and biofilm samples of Salmonella Typhimurium.  We hypothesize 
that  the  metabolome  of  planktonic  Salmonella  is  different  to  the  metabolome  of 
Salmonella grown as a biofilm.  
 
4.3  MATERIALS AND METHODS 
4.3.1  Salmonella strain and culture conditions 
Salmonella  enterica  serovar  Typhimurium  ATCC  14028  was  used  as  the  reference 
strain  in  this  study.    S.  Typhimurium  was  routinely  cultured  in  Luria-Bertani  (LB) 
media and incubated aerobically at 37
°C.  Pure Salmonella colonies were verified by 
streaking the culture onto xylose lysine deoxycholate (XLD) agar (Becton Dickinson 
Difco™ XLD Agar, USA) and incubation overnight at 37
°C.  Only red colonies with 
black centres were used (Taylor, 1965). 
 
4.3.2  Biofilm culture conditions 
Salmonella  biofilms  were  grown  in  conditions  previously  described  by  Wong  and 
colleagues (Wong et al., 2010a; Wong et al., 2010b).  Biofilms were formed using the 
MBEC™  High-throughput  assay  (MBEC™  BioProducts,  Canada),  with  some 
modifications (Wong et al., 2010a).  This device consists of a 96-peg lid and a bottom      
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ridged trough.  A standardised microbial inoculum (25 ml culture concentration of 1.0 x 
10
7  cfu/ml)  was  incubated  in  the  device  at  37
°C  on  a  rocking  platform  (Bio-line 
Platform  Rocker,  Model  4100,  Edwards  Instrument  Company,  New  South  Wales, 
Australia)  for  24  hours.    This  experiment  was  repeated  to  yield  eight  independent 
biological replicates for each condition. 
 
4.3.3  Planktonic culture conditions 
A standardised microbial inoculum (25 ml culture concentration of 1.0 x 10
7 cfu/ml) 
was incubated in 50 ml tubes at 37
°C for 24 hours.  This experiment was repeated to 
yield eight independent biological replicates for each condition. 
 
4.3.4  Chemicals 
MilliQ water was obtained from a Millipore Milli-Q Synthesis A10 purification system 
(Millipore,  USA).    All  other  chemicals  were  purchased  from  Sigma  Aldrich 
(Switzerland) in the highest purity available, unless otherwise stated.  
 
4.3.5  Extracellular metabolite preparation 
Media  controls  (10%  LB  with  no  sodium  chloride),  planktonic  and  biofilm  culture 
supernatants were filtered through a 0.2 µm membrane (Nalgene, Fast PES Filter Unit, 
USA).  A sample aliquot of 100 µl was mixed with 5 µg of ribitol (adonitol, minimum 
99%) to serve as an internal standard, made up to 300 µl with MilliQ-H2O and frozen at 
-80
°C.    Samples  were  freeze-dried  overnight  (Labconco  FreeZone  Plus  2.5  Litre 
Benchtop Cascade Freeze Dry Systems, USA) and stored at -80
°C prior to analysis.   
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4.3.6  Intracellular metabolite preparation 
Planktonic cultures were centrifuged at 4000 rpm for 30 minutes at 4ºC (Allegra® X-
15R centrifuge, Beckman Coulter, USA), the supernatant removed, the pellet transferred 
into a clean tube and lyophilised overnight.  The following extraction was carried out on 
the lyophilised pellet: 500 µl of MilliQ-H2O containing 5 µg of ribitol was added to the 
pellet, vortexed to dissolve the pellet, sonicated for 5 minutes, vortexed for 30 seconds, 
sonicated  for  5  minutes,  frozen  in  liquid  nitrogen,  thawed  on  ice,  vortexed  for  30 
seconds, centrifuged (Centrifuge 5415R, Eppendorf, Germany) (13200 rpm, 10 minutes, 
4ºC) and the supernatant transferred into another clean tube.  The extraction procedure 
was performed on the pellet twice thereafter using absolute methanol (Methanol HPLC, 
RCI Labscan Limited, Thailand).  All supernatants were pooled together and placed in a 
rotary vacuum concentrator (Concentrator plus AG 22331, Eppendorf, Germany) for 
two hours at room temperature to remove the methanol, and the remaining supernatant 
was lyophilized overnight.     
 
Peg  lids  with  biofilms  were  rinsed  with  0.9%  saline  for  one  minute  to  remove 
planktonic bacteria then placed in a 96-well plate containing 200 µl of MilliQ-H2O per 
well  and  sonicated  on  high  for  five  minutes  (Bransonic  220,  Branson  Consolidated 
Ultrasonic  Pty  Ltd,  Australia).    Biofilm  cells  were  centrifuged  at  4000  rpm  for  30 
minutes at 4ºC, the supernatant removed, the pellet transferred into a clean tube and 
lyophilised overnight.  Extractions were performed on the lyophilised biofilm pellet as 
described for planktonic cultures.  All supernatants were pooled together and placed in a 
rotary vacuum concentrator for two hours at room temperature to remove the methanol, 
and the remaining supernatant was lyophilized overnight.     
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4.3.7  Sample derivatisation 
Lyophilised  samples  were  resuspended  in  20  µl  of  methoxyamine  hydrochloride  in 
pyridine (20 mg/ml) and mixed for 90 minutes at 30°C and 1200 rpm (Thermomixer 
Comfort,  Eppendorf,  Germany).    Forty  microlitres  of  N-methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA) was added to each sample and mixed for 
30 minutes at 37°C, with shaking at 1200 rpm for the first minute only.  Derivatised 
samples were transferred into a GC-MS vial and tightly capped. 
 
4.3.8  GC-MS analysis 
The GC-MS analysis method used in this study has previously been used to generate 
metabolite  profiles  of  Stagonospora  nodorum  (Tan  et  al.,  2009).    Briefly,  the 
derivatised samples were analysed using an Agilent 6890 gas chromatograph system 
coupled  to  an  Agilent  5973  mass  selective  detector  (Agilent  Technologies  Pty  Ltd, 
USA).  The fused silica capillary column was a FactorFour VF-5ms with dimensions of 
30 m x 0.25 mm x 0.25 µm + 10 m EZ-Guard™ (Agilent Technologies, USA).  Ultra 
high purity helium (BOC Gases, Australia) was used as the carrier gas.   
 
Derivatised samples were injected at 1 μl using a 20:1 split ratio for supernatant and 
splitless injections for intracellular metabolites. The inlet temperature was set to 230°C.  
The initial oven temperature was set at 70°C, increasing 1°C per min for 5 minutes 
before increasing to a final temperature of 330°C at 5.63°C per minute with a 10-minute 
hold time.  The helium flow rate was retention-time locked to elute D-mannitol at 30.60 
minutes.  The mass spectrometer was set to a scan monitoring range of m/z 40 – 600 at 
one scan per second. 
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4.3.9  Data processing and analysis 
Mass  spectra  and  chromatograms  were  normalized  to  ribitol  internal  standard  and 
processed  using  AnalyzerPro  v2.2.07  (SpectralWorks  Ltd,  Runcorn,  U.K.)  and  the 
Unscrambler v9.8 (CAMO Software, Norway).  Principal component analysis (PCA) 
was performed subsequent to log10(x + 1) transformation of the normalized abundance 
data.  Principal component analysis (PCA) is a variable reduction method whereby a 
large  number  of  observed  variables  are  reduced  into  a  smaller  number  of  principal 
components.  These componenets subsequently account for most of the variance in the 
observed variables.  Mass spectral similarity searches were performed using NIST MS 
search (NIST Mass Spectral Database, Version 2.0f, USA).       
 
4.4  RESULTS 
4.4.1  Extracellular metabolites 
The chromatograms of planktonic and biofilm supernatants are presented in Figure 4.1, 
and  show  metabolic  differences  between  the  two  modes  of  growth.    Most  of  these 
differences (indicated by the arrows) were metabolites present in planktonic but not 
biofilm  supernatant,  however  there  were  some  metabolites  found  only  in  biofilm 
supernatant.  Principal component analysis (PCA) was used to model the data set and 
subsequently determine which metabolites contributed most to the variance observed.  
The  scores  plot  generated  from  submitting  media  control,  biofilm  and  planktonic 
profiles to PCA is presented in Figure 4.2.  PC1 accounts for 61% of the variance in the 
data and clearly separates all three groups of samples.  PC2 explains an additional 27% 
of  the  variance  and  separates  planktonic  supernatant  from  control  and  biofilm 
supernatants.  Metabolites affecting factor loading across PC1 were identified and are      
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presented in Figure 4.3.  Positive loadings were influenced most by alanine, glutamic 
acid, glycine and ornithine, while negative loadings were influenced most by valine, 
glutaric acid, urea, and isoleucine.   
 
4.4.2  Intracellular metabolites 
The chromatograms of planktonic and biofilm cells are shown in Figure 4.4 and display 
differences between the two modes.  All differences (indicated by the arrows) were 
metabolites  present  in  planktonic  but  not  biofilm  cells.    PCA  was  then  used  to 
independently compare metabolite profiles.  The scores plot generated from submitting 
biofilm and planktonic profiles to PCA is presented in Figure 4.5, and shows separate 
groupings between the two modes of growth.  PC1 accounts for 79% of the variance in 
the  data  and  clearly  separates  biofilm  from  planktonic  cells.    PC2  describes  an 
additional 11% of the variance and describes the spread within planktonic and biofilm 
samples.  Metabolites  affecting  factor  loading  across  PC1  were  identified  and  are 
presented  in  Figure  4.6.    Positive  loadings  were  influenced  most  by  succinic  acid, 
putrescine, pyroglutamic acid and N-acetylglutamic acid, while negative loadings were 
influenced most by glycerol, lactic acid, urea and leucine.   
 
4.5  DISCUSSION 
Salmonella  biofilm  growth  is  an  important  public  health  issue,  as  this  can  provide 
continual  sources  of  infection.    The  present  study  was  designed  to  compare  the 
metabolic profiles of planktonic and biofilm Salmonella Typhimurium and to determine 
if they were indeed ‘different’ from each other.  By using a metabolomic approach, our 
results  clearly  show  differences  between  biofilm  and  planktonic  Salmonella      
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biochemistry.  To the best of our knowledge, this is the first study that has used a GC-
MS metabolomic approach to evaluate the metabolic profiles of planktonic and biofilm 
Salmonella Typhimurium. 
 
Biofilm metabolomics will have to be carried out on a single, well-defined system due 
to the discrepancies in biofilms grown under different systems.  Whilst many research 
groups  favor  the  use  of  flow-cell  system  to  grow  biofilms,  our  study  used  a  static 
device.  The study of static biofilms is important as not all natural biofilms exist as 
flow-cell  biofilms.    Foodborne  pathogens  such  as  Salmonella  more  often  develop 
biofilms in static environments such food-processing surfaces, equipment surfaces and 
fresh produce (Annous et al., 2005 ; Patel and Sharma, 2010).  The MBEC™ assay is an 
invaluable  system  for  biofilm  metabolomics  research.    It  is  particularly  useful  for 
investigating the early stages of biofilm formation, including initial adherence to the 
surface (Merritt et al., 2005).  Previous studies have demonstrated the successful use of 
the MBEC™ system to generate Salmonella biofilms (Wong et al., 2010a; Wong et al., 
2010b).  In order to compare the metabolic profiles of biofilm and planktonic cells, it is 
crucial that all cells experience the same environment.  Studies comparing flow cell 
biofilms  to  planktonic  cultures  have  to  take  into  consideration  the  accumulation  of 
metabolic end products in planktonic growth which does not occur in flow cell biofilms 
as media is continually refreshed.  The main reason for using the MBEC™ assay was to 
imitate planktonic culture conditions where extracellular metabolites are not ‘washed 
out’, and are instead able to accumulate.   
 
Amino acid metabolism is a vital component of normal growth, so it was not surprising 
that  results  from  this  study  showed  that  amino  acids  were  contributing  to  variance      
 
  115 
between planktonic and biofilm supernatants.  Our results support a study by Hamilton 
et al. (2009) which showed significant up-regulation in Salmonella biofilms of genes 
associated with amino acid metabolism.  The presence of urea was also expected as 
Salmonella  will  produce  these  metabolites  during  amino  acid  decarboxylation 
(Geornaras et al., 1995).  Interestingly, whilst amino acids may constitute an energy 
source in biofilms, they may also have another role as a signal for biofilm disassembly.  
It  has  been  reported  that  certain  D-amino  acids  prevented  biofilm  formation  by 
Staphylococcus aureus and Pseudomonas aeruginosa (Kolodkin-Gal et al., 2010) by 
causing the release of fibers connecting the cells within a biofilm. 
 
PCA analysis showed PC1 was most important in distinguishing between planktonic 
and biofilm cells.  Biofilm cells formed a tighter collection on the scores plot compared 
to planktonic cells.  This was unexpected, as it is assumed that planktonic cells are 
homogeneous and therefore should have analogous metabolism.  The reasons as to why 
biofilm  cells  formed  a  tighter  grouping  in  this  study  is  unknown,  however  it  does 
suggest that the metabolism of biofilms is more closely regulated than planktonic cells.  
The wide range of metabolites affecting factor loading in biofilm and planktonic cells 
was not surprising given that Salmonella metabolism is intricate with more than 250 
genes essential for in vitro growth in LB media (Knuth et al., 2004) and over 2000 
proteins with putative metabolic functions (McClelland et al., 2001).  Whilst the precise 
role  of  these  metabolites  in  Salmonella  metabolism  and  more  specifically,  their 
relationship with biofilm development is of interest and an area for further research, it is 
beyond the scope of the current study.   
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In conclusion, the results from this study show that Salmonella Typhimurium displays 
unique metabolic profiles between planktonic and biofilm modes of growth.  Pathway 
and knock-out mutant studies would have to be carried out to elucidate the precise role 
of the metabolites and the subsequent link to Salmonella and biofilm development.  An 
insight into the metabolic differences between biofilms and planktonic cells is important 
in developing new antimicrobials to combat biofilms.      
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Figure 4.1: GC-MS chromatograms of metabolite extracts from planktonic and biofilm 
supernatant.        
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Figure 4.2: PCA scores plot of metabolite extracts from medium and supernatants of 
planktonic and biofilm Salmonella Typhimurium. 
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Figure  4.3:  Metabolites  most  affecting  factor  loading  across  PC1  when  comparing 
metabolite profiles of planktonic and biofilm supernatant. 
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Figure 4.4: GC-MS chromatograms of metabolite extracts from biofilm and planktonic 
cells.      
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Figure 4.5: PCA scores plots of metabolite extracts from planktonic and biofilm cells. 
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Figure  4.6:  Metabolites  most  affecting  factor  loading  across  PC1  when  comparing 
metabolite profiles of planktonic and biofilm cells. 
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5.  GC-MS METABOLIC PROFILING OF SALMONELLA 
TYPHIMURIUM BIOFILMS AT DIFFERENT AGES 
 
5.1  ABSTRACT 
The metabolic profile of Salmonella enterica serovar Typhimurium biofilms grown for 
different ages has not been previously evaluated.  In this research, we have used gas 
chromatography  coupled  with  mass  spectrometry  (GC-MS)  to  study  the  metabolic 
distinctions between biofilms grown for three, five and seven days.  The metabolite 
profiles of biofilm supernatant and biofilm cells grown for the different durations were 
generated  and  evaluated.    Spectral  comparisons  and  principal  component  analysis 
revealed  no  significant  differences  in  intracellular  metabolite  profiles  which  would 
otherwise  allow  differentiation  of  biofilm  cells  on  the  basis  of  age.    Principal 
component analysis did show that the extracellular metabolite profiles of biofilms were 
different between the different ages of biofilm supernatant, and thus biofilm supernatant 
was able to be distinguished on the scores plot based on age.  This study shows that 
there exist chemical differences in three, five and seven-day-old biofilm supernatant, 
however intracellular metabolite differences among the different ages of biofilms were 
not observed.  The continuing persistence of Salmonella within the environment is a 
significant issue thus it is important to understand biofilm metabolism at different ages 
to assist in management of this pathogen. 
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This chapter has been submitted as a manuscript.  
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5.2  INTRODUCTION 
A true integrative approach towards systems biology needs to incorporate all ‘omics’ 
data.  Genomic, transcriptomic and proteomic data offers valuable information towards 
the understanding of functional genomics, but it is also vital to incorporate metabolic 
information,  otherwise  known  as  metabolomics.    The  metabolomic  approach  allows 
researchers  to  monitor  changes  in  metabolite  profiles  following  perturbations  to  a 
system and as such, is expected to contribute extensively to our current understanding 
of cellular metabolism.  Metabolomics is not new, but has recently undergone a revival 
due  to  advances  in  analytical  techniques  such  as  liquid  chromatography-mass 
spectrometry  (LC-MS)  (Buchholz  et  al.,  2002),  nuclear  magnetic  resonance  (NMR) 
(Griffin,  2003),  capillary  electrophoresis  mass  spectrometry  (CE-MS)  (Soga  et  al., 
2002) and gas chromatography coupled with mass spectrometry (GC-MS) (Roessner et 
al., 2000; Fiehn et al., 2000).  However, due to the wide range of physicochemical 
properties  and  concentrations  of  metabolites,  the  development  of  a  single  method 
suitable  for  separating,  detecting  and  identifying  metabolites  has  so  far  been 
unsuccessful.   
 
Salmonella  are  a  group  of  ubiquitous  pathogens  capable  of  causing  illness  in  both 
humans and animals.  The global burden of non-typhoidal Salmonella gastroenteritis 
has been estimated at 93.8 million cases per annum with 155000 deaths (Majowicz et 
al., 2010).  More recently, a nationwide outbreak of salmonellosis in the United States 
saw the recall of half a billion eggs with a reported 1500 individuals affected (Kuehn, 
2010).    Salmonella  spp.  have  been  extensively  studied  and  over  the  past  decade 
researchers have recognised that microbial  life  in  the natural  environment  generally 
exist as biofilms and rarely as a planktonic form.      
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Biofilms develop when microorganisms attach to a surface and encase the community 
of cells in an extracellular matrix.  Biofilms display specific phenotypes which make 
them different to planktonic cells.  During biofilm development, phenotypic changes 
such as resistance to antimicrobials, reduced cell division, altered colony morphology 
and  the  induction  of  metabolic  pathways  have  been  reported  (Sauer  et  al.,  2002; 
Allegrucci  et  al.,  2006;  Allegrucci  and  Sauer,  2007;  Workentine  et  al.,  2010).  A 
biofilm does not exist perpetually.  As a biofilm ages, nutrients become limited, waste 
products build up, and thus the biofilm will often disperse and biofilm-associated cells 
will return to the planktonic form (Karatan and Watnick, 2009). 
 
Current  literature  about  biofilm  metabolomics  is  limited  and  is  mostly  confined  to 
studies using NMR.  In addition, most of these studies have compared planktonic with 
biofilm modes of growth (Gjersing et al., 2007; Wu et al., 2009).  In this study, we have 
utilised a metabolomic approach using GC-MS to compare the metabolite profiles of 
Salmonella biofilms grown for three, five and seven days.  The metabolic profiles of 
planktonic  and  biofilm  Salmonella  Typhimurium  have  been  previously  evaluated 
(Wong  et  al.,  submitted).    Results  from  the  study  showed  metabolic  distinctions 
between  planktonic  and  biofilms  mode  of  growth  in  Salmonella.    Therefore,  the 
objective  of  this  study  was  to  determine  if  Salmonella  biofilms  are  metabolically 
distinct at different ages.   
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5.3  MATERIALS AND METHODS 
5.3.1  Salmonella strain and culture conditions 
Salmonella  enterica  serovar  Typhimurium  ATCC  14028  was  used  as  the  reference 
strain  in  this  study.    S.  Typhimurium  was  routinely  cultured  in  Luria-Bertani  (LB) 
media and incubated aerobically at 37ºC.  Pure Salmonella colonies were verified by 
streaking the culture onto xylose lysine deoxycholate (XLD) agar (Becton Dickinson 
Difco™ XLD Agar, USA) and incubation overnight at 37ºC.  Only red colonies with 
black centres were used (Taylor, 1965). 
 
5.3.2  Biofilm culture conditions 
Salmonella  biofilms  were  grown  in  conditions  previously  described  (Wong  et  al., 
2010a; Wong et al., 2010b).  Biofilms were formed using the MBEC™ high-throughput 
assay (MBEC™ Bioproducts, Canada), with some modifications (Wong et al., 2010a; 
Wong et al., 2010b).  This device consists of a 96-peg lid and a bottom ridged trough.  
A standardised microbial inoculum (25 ml culture concentration of 1.0 x 10
7 cfu/ml) 
was incubated in the device at 37°C on a rocking platform (bio-line Platform Rocker, 
Model 4100, Edwards Instrument Company, New South Wales, Australia) for three, 
five  and  seven  days.    This  experiment  was  repeated  to  yield  eight  independent 
biological replicates for each condition. 
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5.3.3  Chemicals 
MilliQ water was obtained from a Millipore Milli-Q Synthesis A10 purification system 
(Millipore,  USA).    All  other  chemicals  were  purchased  from  Sigma  Aldrich 
(Switzerland) in the highest purity available, unless otherwise stated. 
 
5.3.4  Extracellular metabolite preparation 
Extracellular  metabolite  preparation  was  carried  out  using  the  method  previously 
described in Chapter 4 of this thesis.  Biofilm culture supernatants were filtered through 
a 0.2 µm membrane (Nalgene, Fast PES Filter Unit, USA).  A sample aliquot of 100 µl 
was mixed with 5 µg of ribitol (adonitol) to serve as an internal standard, made up to 
300 µl with milliQ-H2O and frozen at -80°C.  Samples were freeze-dried overnight 
(Labconco FreeZone Plus 2.5 Litre Benchtop Cascade Freeze Dry Systems, USA) and 
stored at -80°C prior to analysis.   
 
5.3.5  Intracellular metabolite preparation 
Intracellular metabolite preparation was carried out as previously described in Chapter 4 
of this thesis.  Peg lids with biofilms were rinsed with 0.9% saline for one minute to 
remove planktonic bacteria, then placed in a 96-well plate containing 200 µl of milliQ-
H2O  per  well  and  sonicated  on  high  for  five  minutes  (Bransonic  220,  Branson 
Consolidates Ultrasonic Pty Ltd, Australia).  Biofilm cells were centrifuged at 4000 rpm 
for  30  minutes  at  4°C  (Centrifuge  5415R,  Eppendorf,  Germany),  the  supernatant 
removed,  the  pellet  transferred  into  a  clean  tube  and  lyophilized  overnight.    The 
following extraction was carried out on the lyophilized pellet: 500 µl of milliQ-H2O 
containing  5  µg  of  ribitol  was  added  to  the  pellet,  vortexed  to  dissolve  the  pellet,      
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sonicated for 5 minutes, vortexed for 30 seconds, sonicated for 5 minutes, frozen in 
liquid nitrogen, thawed on ice, vortexed for 30 seconds, centrifuged (13200 rpm, 10 
minutes, 4°C) and the supernatant transferred into another clean tube.  The extraction 
procedure  was  performed  on  the  pellet  twice  thereafter  using  absolute  methanol 
(Methanol HPLC, RCI Labscan Limited, Poland).  These two supernatant extracts were 
pooled  and  placed  in  a  rotary  vacuum  concentrator  (Concentrator  Plus  AG  22331, 
Eppendorf, Germany) for two hours at room temperature to remove methanol, and the 
remaining supernatant was lyophilized overnight.     
 
5.3.6  Sample derivatisation 
Lyophilised  samples  were  resuspended  in  20  µl  of  methoxyamine  hydrochloride  in 
pyridine (20 mg/ml) and mixed for 90 minutes at 30°C and 1200 rpm (Thermomixer 
Comfort,  Eppendorf,  Germany).    Forty  microlitres  of  N-methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA) was added to each sample and mixed for 
30 minutes at 37°C, with shaking at 1200 rpm for the first minute only.  Derivatised 
samples were transferred into a GC-MS vial and tightly capped. 
 
5.3.7  GC-MS analysis 
The GC-MS analysis method used in this study has previously been used to generate 
metabolite  profiles  of  Stagonospora  nodorum  (Tan  et  al.,  2009).    Briefly,  the 
derivatised samples were analysed using an Agilent 6890 gas chromatograph system 
coupled  to  an  Agilent  5973  mass  selective  detector  (Agilent  Technologies  Pty  Ltd, 
USA).  The fused silica capillary column was a FactorFour VF-5ms with dimensions of      
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30 m x 0.25 mm x 0.25 µm + 10 m EZ-Guard™ (Agilent Technologies Pty Ltd, USA).  
Ultra high purity helium (BOC Gases, Australia) was used as the carrier gas.   
 
Derivatised samples were injected at 1 µl using a 20:1 split ratio for supernatant and a 
splitless injection ratio for intracellular metabolites. The inlet temperature was set to 
230°C.  The initial oven temperature was set at 70°C, increasing 1°C per min for 5 
minutes before increasing to a final temperature of 330°C at 5.63°C per minute with a 
10-minute  hold  time.    The  helium  flow  rate  was  retention-time  locked  to  elute  D-
mannitol at 30.6 minutes.  The mass spectrometer was set to a scan range of m/z 40 – 
600 at one scan per second. 
 
5.3.8  Data processing and analysis 
Data  were  normalized  to  ribitol  internal  standard  and  processed  using  AnalyzerPro 
v2.2.07  (SpectralWorks  Ltd,  Runcorn,  U.K.)  and  the  Unscrambler  v9.8  (CAMO 
Software, Norway).  Principal component analysis (PCA) was performed subsequent to 
log10(x + 1) transformation of the normalized abundance data.  Mass spectral similarity 
searches  were  performed  using  NIST  MS  search  (NIST  Mass  Spectral  Database, 
Version 2.0f, USA).  All other data were analysed using GraphPad Prism 5 (GraphPad 
Software, San Diego California USA).  Data was expressed as the mean normalised 
peak area ± SEM and differences of P < 0.05 were considered significant.   
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5.4  RESULTS 
5.4.1  Extracellular metabolites 
The  GC-MS  chromatograms  of  supernatants  from  three,  five  and  seven-day-old 
biofilms are presented in Figure 5.1.  The majority of metabolites were recovered in the 
first 35 minutes of analysis and visually, no significant metabolite differences between 
the different days were  apparent.  Principal component analysis (PCA) was used to 
model the data set and subsequently determine which metabolites contributed most to 
the variance observed.  The scores plot generated from submitting biofilm supernatant 
profiles to PCA is presented in Figure 5.2.  PC1 accounts for 60% of the variance in the 
data and PC2 explains an additional 19% of the variance.  A shifting trend across PC1 
was observed with different age of biofilm supernatant.  This trend was made prominent 
when samples were grouped together on the basis of day (indicated by blue, red and 
green) and was consistent for all samples except one outlying seven-day sample (as 
indicated  on  Figure  5.2).    Metabolites  affecting  factor  loading  across  PC1  were 
identified and are presented in Figure 5.3.  Positive loadings were influenced most by 
valine, pyroglutamic acid, phenylalanine and isoleucine, while negative loadings were 
influenced  most  by  sorbitol,  octadecanoic  acid,  (Z)-9-octadecenamide,  and  γ-
hydroxyglutaric acid. 
 
Amino acids are a constituent of Luria-Bertani broth  (Sezonov et al., 2007).  In order to 
verify that the amino acids most affecting variance (Figure 5.3) were not derived from 
the medium, relative levels of the amino acids valine, pyroglutamic acid, phenylalanine 
and isoleucine were plotted (Figure 5.4).  The normalised peak areas of valine and 
isoleucine  in  three,  five  and  seven-day-old  biofilm  supernatant  were  significantly 
different from the normalised peak areas of valine and isoleucine in the control medium      
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(P <0.05).  The normalised peak areas of pyroglutamic acid and phenylalanine in five 
and seven-day-old biofilm supernatant were significantly different from the peak areas 
of  pyroglutamic  acid  and  phenylalanine  in  the  control  medium  (P  <0.05).  The 
normalised peak areas  of three-day-old supernatants  were  not  significantly  different 
from the controls for the latter two amino acids.  Therefore, while the amino acids of 
interest were present in LB medium, their consistent levels in the controls (as indicated 
by the error bars in Figure 5.4) and the significantly higher normalised peak area of each 
amino acid in the supernatant in comparison to controls,  indicates that they did not 
contribute to the variance observed.  
 
5.4.2  Intracellular metabolites 
The GC-MS chromatograms of three, five and seven-day-old biofilm cells are presented 
in Figure 5.5.  A large number of metabolites eluted at 26 - 31 minutes, although no 
significant  metabolite  differences  between  the  different  days  of  biofilm  cells  were 
apparent.  The scores plot generated from submitting biofilm cell profiles to PCA is 
presented in Figure 5.6.  PC1 accounts for 91% of the variance in the data and PC2 
explains an additional 5% of the variance.  PCA did not show any trends or clustering 
between the biofilm cells grown for different days, meaning that biofilm cells could not 
be separated on the basis of age.  As there was no evidence of separation on the scores 
plot, metabolites affecting factor loading were not identified.  
 
5.5  DISCUSSION 
The GC-MS metabolite profiles of planktonic and biofilm Salmonella Typhimurium 
have  been  previously  compared  with  results  clearly  showing  metabolic  diversity      
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between the two modes of growth  (Wong et al., submitted).  With this in mind, the 
present study was designed to compare the metabolite profiles of Salmonella biofilms 
grown for different lengths of time.  Spectral comparisons of extracellular metabolite 
profiles showed no significant metabolic differences between three, five and seven day 
biofilm supernatant.  PCA did show three overlapping clusters on the scores plot, which 
separated the extracellular samples on the basis of biofilm age.  Spectral comparison 
and  PCA  revealed  no  metabolic  differences  in  the  intracellular  profiles  of  biofilms 
grown  for  the  different  durations.  To  the  best  of  our  knowledge,  this  is  the  first 
published study comparing metabolic profiles of Salmonella Typhimurium biofilms on 
the basis of age.   
 
While biofilm supernatant could be separated on the basis of age, it was surprising to 
find  that  intracellular  samples  were  not  separated  on  the  same  basis.    It  is  well-
established that microenvironments exist within a biofilm (Hamilton, 1987).  Thus, the 
metabolic activity of biofilm-associated cells under oxygen and nutrient stress will be 
very  different  from  the  metabolic  activity  of  cells  in  oxygen  and  nutrient  rich 
microenvironments.  The metabolic diversity of cells within a biofilm would therefore 
make it difficult to separate the samples on the basis of biofilm age. In addition to this, 
it is known that different ‘types’ of cells exist within a biofilm.  For example, persister 
cells  are  a  dormant  subpopulation  of  biofilm-associated  cells  that  neither  grow  nor 
perish in the presence of antimicrobial agents due to limited metabolic activity  (Keren 
et al., 2004; Lewis, 2005, 2007).   
 
There were a range of metabolites contributing to the variance observed on the scores 
plot  (Figure  5.2).    It  was  not  surprising  to  see  amino  acid  contributing  to  variance      
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between the different days of biofilm growth as amino acid metabolism is an essential 
component  in  normal growth.  Results from  this  study support existing  studies that 
amino acids are a crucial component in biofilm growth and development.  For example, 
a  NMR  metabolomics  study  by  Workentine  et  al.  (2010)  hypothesized  that  the 
metabolism  of  Pseudomonas  fluorescens  biofilm  colony  morphology  variants  were 
different to the parental strain.  It was found that the variants have distinct metabolic 
profiles and the significant metabolic changes were associated with changes in amino 
acid and glutathione metabolism.  Frimmersdorf et al. (2010) subsequently corroborated 
these results using a GC-MS approach.  Interestingly, it has also recently been shown 
that Bacillus subtilis produces amino acids that prevent biofilm formation and disrupt 
existing  biofilms  (Kolodkin-Gal  et  al.,  2010).    Therefore,  these  amino  acids  may 
actually behave as signal molecules for biofilm disassembly.  Octadecanoic acid is a 
saturated fatty acid, and fatty acids have also been found to disperse biofilms produced 
by a range of Gram-negative and Gram-positive bacteria (Davies and Marques, 2009).  
It is of particular interest that the majority of important metabolites from this study have 
been linked to biofilm dispersion.  Further studies are required to establish the pathway 
that these metabolites are associated with and how the pathway itself might be linked to 
biofilm disassembly.  
  
In summary, we have shown that Salmonella Typhimurium does not exhibit distinctive 
intracellular metabolite profiles based on age of the biofilm, however the extracellular 
metabolite profiles of biofilms were different between three, five and seven days.  These 
extracellular  metabolic  differences  include  variation  in  amino  acids  and  fatty  acids 
which  are  findings  that  corroborate  previous  studies.    These  findings  suggest  that 
biofilms  at  different  ages  can  secrete  different  metabolites  which  could  be  used  as      
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signalling molecules.  There are a number of promising technologies and methodologies 
that  will  provide  new  metabolomics  applications  in  the  future.    More  specifically, 
developments  in  methods,  instrumentation,  platforms,  databases,  libraries  and  data 
mining and statistical software will propel this field of ‘omics’ forward and increase our 
current understanding of biofilm metabolism and associated phenotypes.   
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Figure 5.1: GC-MS chromatograms of metabolite extracts from three, five and seven-
day-old biofilm supernatants.       
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Figure 5.2: Scores plot of PCA of data generated from metabolite extracts of three, five 
and seven-day-old biofilm supernatants.  
 
 
 
 
 
 
 
 
 
      
 
  141 
 
 
Figure  5.3:  Metabolites  most  affecting  factor  loading  across  PC1  when  comparing 
extracellular metabolite profiles of biofilms at three, five and seven days.  
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Figure  5.4:  Normalised  peak  area  of  the  amino  acids  valine,  pyroglutamic  acid, 
phenylalanine and isoleucine in three, five and seven day old supernatant and Luria-
Bertani medium (control).  Eight independent biological samples were analysed for each 
day and five samples were analysed for the control.  The data is presented as the mean ± 
SEM normalised peak area.  All groups that were statistically different from the control 
(P< 0.05) have been indicated (*).       
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Figure 5.5: GC-MS chromatograms of metabolite extracts from three, five and seven-
day-old biofilm cells.       
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Figure 5.6: Scores plot of PCA of data generated from metabolite extracts of three, five 
and seven-day-old biofilm cells.  
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6.  FINAL DISCUSSION AND CONCLUSIONS 
Salmonella serovars are a major cause of human and animal morbidity and mortality 
worldwide.  Non-typhoidal Salmonella infections is estimated at 93.8 million cases each 
year (Majowicz et al., 2010) and typhoidal infections is estimated at 16 - 21.6 million 
cases each year with estimated deaths from 200,000 – 600,000 (Bhan et al., 2005).  
These statistics clearly epitomize a global burden in both developing and developed 
countries.  Whilst efforts to reduce transmission and develop vaccines for Salmonella 
have been implemented on a worldwide scale, the emergence of drug resistance strains 
and  the  discovery  of  biofilms  have  made  this  journey  difficult.    Nonetheless,  it  is 
imperative  that  studies  concerning  this  Salmonella  continue  to  ensure  effective 
prevention and control of this pathogen. 
 
 Salmonella enterica is a leading causative agent of foodborne outbreaks worldwide and 
is capable of forming biofilms on a variety of surfaces.  In this thesis, comparative 
studies of biofilm and planktonic modes of growth in Salmonella Typhimurium were 
conducted assessing disinfectant susceptibility and metabolite profiles.  It was clearly 
shown  that  Salmonella  biofilms  were  more  resistant  to  disinfectants  compared  to 
planktonic Salmonella, but this resistance did not increase in older biofilms.  It was also 
demonstrated  that  the  overall  GC-MS  metabolite  profiles  of  planktonic  and  biofilm 
Salmonella were different from each other, however, while the extracellular profiles of 
biofilms could be separated on the basis of age, the intracellular profiles could not.     
 
In Chapter 2, Salmonella biofilm growth was characterised using the MBEC™ assay 
system  (formerly  known  as  the  Calgary  Biofilm  Device)  and  the  susceptibility  of 
biofilm  and  planktonic  Salmonella  to  chemical  disinfectants  was  compared.  The      
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growth curves generated showed that biofilms grown in nutrient rich media were not 
stable during the seven day growth period, whilst biofilms grown in 10% LB (nutrient 
poor  conditions)  produced  a  stable  biofilm  over  the  seven  day  growth  period.  
Therefore, nutrient poor conditions were used for further experiments.  The „stability‟ of 
a biofilm used in susceptibility testing is important as an unstable biofilm may produce 
unreproducible  results  as  a  consequence  of  fluctuations  in  biofilm  cell  numbers.  
Susceptibility experiments demonstrated that overall, biofilms were less susceptible to 
disinfectants compared to planktonic cells.  Generally speaking, a higher concentration 
of disinfectant and an increased contact time were required to prevent the growth of 
biofilm-associated  cells.    An  exception  to  these  findings  was  sodium  hypochlorite.  
Results from this particular study showed that a lower range of sodium hypochlorite 
concentrations (1.31 g/L - 5.25 g/L) were more effective against biofilms in comparison 
to 10-fold higher concentrations.  We initially proposed „breakpoint chlorination‟ as an 
explanation  for  these  results.    However,  since  the  concentrations  that  eradicated 
biofilms did not eradicate planktonic cells, breakpoint chlorination cannot explain these 
findings.    Proposed  mechanisms  of  biofilm  resistance  were  discussed  in  Chapter  1, 
including the role of the matrix as a barrier against antimicrobials.  While the scope of 
this study did not involve uncovering the mechanism of increased resistance, the SEM 
images taken in this study (monolayer biofilm formation with minimal matrix), suggests 
that while the matrix may play a role in protecting the cells from antimicrobials in other 
biofilms, it was unlikely to be the case in this system.  It was concluded in Chapter 2 
that  Salmonella  biofilms  are  less  susceptible  to  chemical  disinfectants  compared  to 
planktonic  Salmonella  and  that  the  MBEC™  assay  system  is  an  effective  tool  for 
growing biofilms and determining the susceptibility of biofilms to disinfectants.   
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After  assessing  planktonic  and  biofilm  disinfectant  susceptibility,  the  study  was 
extended to compare susceptibility of biofilms at different ages.  There is a general 
assumption  that  older  biofilms  are  more  resistant  to  antimicrobials  than  younger 
biofilms.  In addition, it is important to understand if the age of a biofilm contributes to 
the continuing persistence of Salmonella within the environment.  Thus, in Chapter 3, 
the susceptibility of biofilms to the same concentration of disinfectants at different ages 
was  evaluated.  Three,  five  and  seven-day-old  biofilms  were  chosen  due  to  their 
stability (as shown in Chapter 2, Figure 2.1).  In contrast with previous research, our 
results showed that older biofilms were not more resistant to disinfectants than younger 
biofilms.  Interestingly, sodium hypochlorite at the recommended user concentration 
was very effective against all ages of biofilms when compared to the recommended user 
concentrations  of  benzalkonium  chloride,  chlorhexidine  gluconate  and  quaternary 
ammonium  compound  (Figure  3.2).    At  the  highest  concentration  of  sodium 
hypochlorite  however,  viable  cells  were  recovered  from  the  three-day-old  biofilm 
(Figure 3.1).  These particular results show that in fact, younger biofilms were more 
resistant to the higher concentrations of sodium hypochlorite than older biofilms.  The 
effectiveness of sodium hypochlorite against biofilms at a lower concentration was once 
again observed in this study.  It is possible that comparing the metabolic profiles of 
Salmonella  after exposure to  sodium  hypochlorite  with  the profiles  acquired in  this 
thesis could help to explain these results.  It was concluded that the age of Salmonella 
biofilm does not contribute to biofilm resistance towards disinfectants.  Instead,  the 
concentration and type of disinfectant and an increased contact time were shown to play 
a role in successful sanitization.   
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Biofilm  metabolomics  is  an  exciting  yet  relatively  new  area  of  scientific  research.   
Genomic and proteomic datasets exist for  Salmonella Typhimurium (Eriksson et al., 
2003; Coldham et al., 2006; Shi et al., 2006; Webber et al., 2008; Raghunathan et al., 
2009), however metabolomic datasets for Salmonella are lacking.  The second part of 
this  thesis  communicates  a  unique  GC-MS  metabolomic  concept  that  has  been 
investigated to improve our understanding of planktonic and biofilm modes of grown in 
Salmonella.  In Chapter 4, the metabolic profiles of planktonic and biofilm Salmonella 
were compared.  We developed metabolite preparation and extraction protocols based 
on  our  understanding  of  metabolomics,  biofilms  and  Salmonella,  and  successfully 
illustrated that Salmonella display distinct metabolic profiles between planktonic and 
biofilm modes of growth.  Many of the metabolites affecting variance in our study 
belonged  to  the  amino  acid  group  and  support  previous  research.    For  example, 
comparative  studies  have  showed  significant  up-regulation  of  genes  and  proteins  in 
biofilms associated with amino acid transporter proteins and enzymes (Resch et al., 
2005; Resch et al., 2006).  More recently, Hamilton et al. (2009) demonstrated that the 
aromatic amino acid tryptophan make an essential contribution to Salmonella biofilm 
formation.  Putrescine and urea were also found to affect variance in our study and were 
probably  a  result  of  amino  acid  decarboxylation  (Geornaras  et  al.,  1995).  Further 
studies out of the scope of this project are needed to determine the reasons behind the 
differences in metabolite levels found in the planktonic and biofilm profiles, along with 
pathway studies to identify the role of metabolites of interest and any subsequent link to 
biofilm  development.    It  was  concluded  from  this  study  that  we  were  able  to  use 
metabolomic  techniques  to  show  that  there  exist  biochemical  differences  between 
planktonic  and  biofilm  modes  of  growth  in  Salmonella  Typhimurium.    This 
methodology has the potential to be a simple yet rapid detection device for the presence      
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of Salmonella and other pathogens, as supported by recent studies in literature.  A study 
by Cevallos-Cevallos et al. (2011) developed a GC-MS based metabolomics method for 
detection of Salmonella spp. and E. coli in beef and chicken.  Similar to our results, 
putrescine was identified as a metabolite of interest as it was present in all Salmonella 
samples but absent in non-Salmonella samples.  However, the authors later concluded 
that putrescine could not be regarded as a biomarker as other bacteria, including Proteus 
and  Citrobacter  species  also  produces  putrescine  (Durlu-Ozkaya  et  al.,  2001).  
Metabolomics was used to further understand the ability of Salmonella to grow and 
thrive  in  hostile  bile  environments,  whereby  phospholipids  were  shown  to  play  an 
important role in the energy source for Salmonella in gallbladder infections of mice 
(Antunes et al., 2011).  This understanding can be of particular use for treatment of 
systemic  Salmonella  infections  of  the  gallbladder  as  the  modification  of  lipid 
metabolism could prove to be an effective target area.  A recent article published in the 
Journal  of  Proteome  Research  found  significant  metabolic  changes  in  biofilm  and 
planktonic Pseudomonas after exposure to metal stress (Booth et al., 2011).  By use of 
PCA analysis, control and copper exposed biofilms was clearly separated on the PCA 
plot, whereas control and copper exposed planktonic samples were not separated from 
each  other.    It  was  also  determined  that  pathways  identified  in  both  culture  types 
involved  the  metabolism  of  amino  acids  and  could  be  a  result  of  increased  protein 
biosynthesis.  In planktonic cultures, changes in amino acids metabolism maybe a result 
of stress protein synthesis and replacement of injured proteins, whereas in biofilms it is 
more likely due to increased EPS synthesis where proteins are a significant component 
of the matrix (Flemming et al., 2007).  These results are similar to our observations 
made from Chapter 4 and demonstrate that differential metabolic shifts play a role in 
biofilm-specific properties.  In conjunction to the metabolic profiles we have generated      
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for  planktonic  and  biofilm  Salmonella,  consecutive  studies  would  involve  exposing 
planktonic and biofilm Salmonella to disinfectants and generating subsequent metabolic 
profiles thereafter.  In Chapter 2, we found that low levels of sodium hypochlorite were 
in fact more effective against biofilms in comparison to planktonic cells.  It would be of 
immense value to evaluate and determine if and what metabolic shifts are responsible 
for this observation and if our proposed oxidative stress mechanism can be supported.         
 
In Chapter 5, we used the same techniques developed in Chapter 4 to generate and 
analyse the metabolic profiles of biofilms grown for three, five and seven days.  The 
intracellular  metabolic  profiles  could  not  be  separated  on  the  basis  of  age  but 
surprisingly, the extracellular metabolic profiles could be separated on the PCA scores 
plot on the basis of age.  The variance observed in extracellular profiles was due to a 
range of metabolites, most notably, amino acids and fatty acids.  The link between 
amino acids and biofilm dispersion has recently been established (Kolodkin-Gal et al., 
2010).  A similar association between fatty acids and biofilms has also been recognised 
(Davies and Marques, 2009).  It would be of great interest to further investigate if the 
amino acids and fatty acids causing variance in this study were able to disperse biofilms 
or act as signalling molecules in established biofilms.  It was concluded that Salmonella 
biofilms  do  not  exhibit  distinctive  intracellular  metabolite  profiles  based  on  age; 
however the extracellular metabolite profiles were dissimilar between the different ages.   
Further experiments would include identification of metabolites specific to the age of 
biofilm, and in addition to Chapters 3 and 5, the comparison of metabolic profiles of 
three,  five  and  seven-day-  old  biofilms  after  exposure  to  disinfectants.    This  is  of 
particular interest considering our previous study showed that age of biofilm does not 
contribute to biofilm resistance, contrary to many studies.  The mechanism by which      
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specific disinfectants work against different ages of biofilms could have a significant 
impact on future development of disinfectants targeted at biofilms.   
 
There  were  a  few  difficulties  and  challenges  encountered  throughout  this  project, 
namely the view and opinion by some researchers that biofilms formed by the CBD 
were not  „true‟ biofilms  and biofilms  should  only be formed  via flow-cell systems.  
Despite the criticism and rejection of manuscripts by specific peer-reviewed journals as 
such,  Chapters  2  and  3  were  accepted  and  have  since  been  published  by  reputable 
journals.  In addition, the CBD is now an official ASTM procedure (ASTM Standard 
E2799  –  11,  2011)  and  kits  have  been  developed  for  veterinary  use.    The  use  of 
metabolomics in contrast to the traditional genomics and proteomics approach has also 
drawn scepticism from researchers.  However, given the observed increase in recent 
publications  concerning  metabolomics  and  the  emergence  of  several  international 
biofilm metabolomics group, we can only assume metabolomics will be a rising trend. 
The deficiency of literature and protocols concerning GC-MS biofilm metabolomics has 
also made comparison of our results difficult; nonetheless comparisons and conclusions 
have been made in relation to NMR studies, and the present findings may assist in a 
deeper understanding of biofilm metabolomics.     
 
Finally, we conclude from this thesis that: 
 
1.  Salmonella biofilms are more resistant to disinfectants compared to planktonic 
Salmonella. 
2.  Seven-day-old  Salmonella  biofilms  are  not  more  resistant  to  disinfectants 
compared to three- and five-day-old biofilms.      
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3.  GC-MS metabolic profiles of planktonic and biofilm Salmonella are distinct. 
4.  Intracellular metabolic profiles of Salmonella biofilms at different ages could 
not be separated on the basis of age.  
5.  Extracellular metabolic profiles of Salmonella biofilms at different ages could 
be separated on the basis of age.  
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